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Summary
Macroautophagy (hereafter called autophagy) is a process where proteins, organelles and
intracellular micro-organisms are degraded by the lysosome. The autophagosome engulfs a
part of the cytoplasm where the cargo is, and transports it to the endosomal-lysosomal system
for degradation. Autophagy can also be selective, where cargos are recognized directly by the
autophagy receptors or by other proteins in which target a specific cargo for degradation and
can bind to for example ATG8s via a LIR domain. There are many proteins involved in
autophagy, and TRIM proteins represent some of them. TRIM proteins are classified in a
family of E3 ligases because of their RING domain, even though not all TRIM proteins
contain this RING domain. Some TRIM proteins have been shown to be of great importance
in the process of autophagy and the selectivity of autophagy by binding to autophagy-related
proteins. Recent studies show that TRIM23 and TRIM31 are important in autophagy. ATG8
family proteins have hydrophobic pockets which bind LIR motifs in other proteins. Here, the
interaction of TRIM23 and TRIM31 with the ATG8 family proteins is studied, and moreover
their interaction with human ATG8 family proteins and if the binding is LIR dependent. GST
pulldown, and co-localization assays with confocal fluorescence microscope were methods
used for this purpose. Furthermore, the mCherry-EYFP double-tag was used to monitor if
TRIM23 and TRIM31 are degraded in the lysosome. The lysosomal inhibitor Bafilomycin A1
(Baf) and the proteosomal inhibitor MG132 were included in the assays performed in HeLa
cells to determine the degradation pathway. The results showed that both TRIM23 and
TRIM31 bind ATG8s in a LIR-dependent manner. Neither TRIM23 nor TRIM31 were found
to be degraded by autophagy using the double-tag assay, even though both were degraded
upon starvation. Confocal imaging showed that TRIM31 co-localizes with LC3A, LC3B and
GABARAP in HeLa cells.
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1 Introduction
1.1 Autophagy
Autophagy is a degradation process in cells, dependent on the lysosome. This process is used to
replace the cytoplasm over time to maintain the functioning cell (Xie & Klionsky, 2007). This
involves providing nutrients for the cell during starvation, and degradation of surplus and
damaged organelles, misfolded proteins and invading micro-organisms (B. Levine & Kroemer,
2008). Many diseases have been shown to be associated with autophagy being deficient or
functioning abnormally; polyglutamine diseases, Parkinson disease, frontotemporal dementia,
Alzheimer’s disease (Knaevelsrud & Simonsen, 2010) and cancer (Chude & Amaravadi, 2017)
are some examples.

Autophagy is divided into three main pathways (Figure 1); chaperone-mediated autophagy
(CMA), microautophagy and macroautophagy (Klionsky, 2005). CMA is activated during
starvation and nutrient limitations, and functions to maintain the cell cytoplasm under these
conditions (Majeski & Dice, 2004). The main difference of this autophagy pathway compared to
the two other, is that the proteins to be degraded are directly transported to the lysosome and
finally taken into the lysosome by the lysosome-associated membrane protein 2A (LAMP-2A)
receptor (Cuervo & Dice, 1998; Zhang et al., 2017). Microautophagy is when part of the
cytoplasm is taken up by invagination of the lysosomal membrane followed by inward budding.
Both single soluble components and whole organelles can be degraded by this pathway (Kunz,
Schwarz, & Mayer, 2004). Macroautophagy is the pathway where the autophagosome engulfs a
part of the cytoplasm and transport organelles and macromolecules to the lysosome (Kunz et al.,
2004).
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Figure 1: Overview of degradation pathways including autophagy (microautophagy, macroautophagy and
CMA), endocytosis and UPS. There are three different types of autophagy; Macroautophagy, microautophagy and
chaperonemediated autophagy (CMA). In macroautophagy, the cytoplasmic cargo is delivered to the lysosome in a
double membrane-bound vesicle, called an autophagosome. Microautophagy is when the cytosolic cargos are taken
up directly by the lysosomal membrane by invagination. In CMA, the cytosolic proteins are targeted by a cytosolic
chaperone complex. This complex is recognized by the lysosomal membrane receptor lysosomal-associated
membrane protein 2A (LAMP-2A), which transports the complex through the lysosomal membrane and unfolds it.
Inside the lysosome, the cargos and proteins are degraded (Glick, Barth, & Macleod, 2010). The figure is reprinted
with permission from Amsbio ("Autophagy," 2013).

The focus in this thesis will be on macroautophagy, hereafter called autophagy, because this is
the main mechanism used by eukaryotes to degrade proteins and organelles with a long life-time
(B. Levine & Kroemer, 2008).

1.1.1 Processes of Autophagy
Autophagy can be divided into different stages; induction, autophagosome formation (which is
also mentioned under “Selective Autophagy”), degradation, and reuse. Many different signals
and factors can initiate or inhibit autophagy in the cells (Mizushima, 2007). These factors include
insulin- and amino acid signaling whereas in starvation autophagy is initiated (Jung, Ro, Cao,
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Otto, & Kim, 2010), reactive oxygen species (ROS) which induces autophagy (DjavaheriMergny et al., 2006), free cytosolic calcium which induces autophagy (Hoyer-Hansen et al.,
2007), AMP-activated protein kinase (AMPK) which are required for autophagy (Meley et al.,
2006), Bcl-2/adenovirus E1B 19 kDa-interacting protein 3 (BNIP3) which induce autophagy in
malignant glioma cells (Daido et al., 2004), the ARF tumor suppressor protein (p19ARF) which
induces autophagy (Reef et al., 2006), damaged-regulated autophagy modulator (DRAM) which
induces autophagy via p53 (Crighton et al., 2006), calpain which induces autophagy (Demarchi
et al., 2006), tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) which induces
autophagy during lumen formation (Mills, Reginato, Debnath, Queenan, & Brugge, 2004), Fasassociated protein with death domain (FADD) induced autophagy by interacting with Atg5 (Pyo
et al., 2005), and myo-inositol-1,4,5-triphosphate (IP3) which inhibit autophagy (Sarkar et al.,
2005).

TOR (target of rapamycin) is a serine/threonine protein kinase. By responding to nutrients and
growth factors, TOR regulates translation, metabolism, and transcription. Mammalian TOR, also
called mechanistic target of rapamycin (mTOR), forms two complexes; mTORC1 (mTOR
complex 1) and mTORC2 (mTOR complex 2) (Figure 2). Both complexes regulate autophagy,
mTORC2 in skeletal muscles (Jung et al., 2010).
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Figure 2: mTOR forms two complexes; mTORC1 and mTORC2. In response to nutrients and growth factors,
mTORC1 is facilitated and inhibits autophagy. Stress and starvation inhibits mTORC1 and thereby facilitate
autophagy. Rapamycin is an inhibitor of mTOR. mTORC2 regulates autophagy in skeletal muscles via Akt-FoxO3
(Jung et al., 2010).

ULK1 and Beclin-1 are important regulators of autophagy, as mentioned (Lamb, Yoshimori, &
Tooze, 2013). Figure 3 shows the different proteins involved in the formation of the
autophagosome. ULK1 is activated by AMP-activated protein kinase (AMPK) in a nutrient poor
state of the cell, and Beclin-1 is activated by ULK1 phosphorylation (Nazarko & Zhong, 2013).
Beciln-1, ATG14L, VPS15 and phosphatidylinositol 3-phosphate kinase (PI3K) VPS34
constitute the PI3K class III complex 1 required for autophagy (Funderburk, Wang, & Yue,
2010) (Figure 3).

Figure 3: Overview over proteins involved in the formation of the autophagosome. ULK is negatively regulated
by TORC1 in an amino acid abundance state and positively regulated by AMPK in an amino acid deficiency state.
Beclin-1, in the PI3K class III complex I, is phosphorylated by both ULK and AMPK. This again, leads to the
formation of the autophagosome from the phagophore. Figure reprinted with permission from (Nazarko & Zhong,
2013).
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The second stage is the formation of the autophagosome which is made at the phagophore
assembly site (PAS in yeast) (Xie & Klionsky, 2007). In higher eukaryotes, phagophores are
created from several membrane sources including endoplasmic reticulum (ER), Golgi,
mitochondria, endosomes and the plasma membrane, whereas the ER is the most likely main
source (Lamb et al., 2013). Phagophores are membranes in the cytosol which, when fully
enveloped or closed, becomes autophagosomes (Mizushima, 2007). Formation of the
phagophores is dependent on specific complexes, and can be divided into three stages; initiation
requiring the ULK complex and the PI3K class III complex I, nucleation involving
phosphorylation and recruitment of additional ATG proteins, and expansion of the phagophore
requiring ATG8 family proteins (LC3s and GABARAPs) and two conjugation systems including
ATG7, ATG10, ATG3 and the ATG5-ATG12:ATG16L1 complex (Lamb et al., 2013). The
autophagosome enwraps cytoplasm containing the cargos destined for autophagy, and takes it to
the endosomal-lysosomal system for degradation (Lamb et al., 2013; Xie & Klionsky, 2007). At
this maturation step of the autophagosome there is first a recruitment of the SNARE (Soluble Nethylmaleimide-sensitive factor Attachment protein Receptor) syntaxin 17 (STX17), before the
autophagosome fuses with the lysosomes. Thereafter the inner membrane of the autophagosome
is degraded by the enzymes provided by the lysosomes. At the last stage of autophagosome
maturation, STX17 is released. Even though STX17 is necessary, the autophagosomal complete
closure and inner membrane degradation is also dependent on ATG3 (Tsuboyama et al., 2016).
Products of the degradation, such as amino acids, are thereafter released into the cytosol for
further use for the cell (Mizushima, 2007; Xie & Klionsky, 2007). This last stage, reuse or
recycling, is not fully understood. An overview of autophagy with some of its modulators is
illustrated in Figure 4.
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Figure 4: Schematic of autophagy with some of the modulators. Autophagy is induced by stress and starvation.
An mTOR complex responds to these various signals, and, in a stressful condition, the autophagosome assembles
from a preautophagosomal structure (PAS). Lysosomes fuses with the fully formed autophagosome, and the content
is degraded by enzymes in the autophagolysosome. The figure is reprinted with permission from Bio-Connect
("Modulators of Autophagy Signaling,").

1.1.2 ATGs
ATG stands for AuTophaGy-related. The name is first mentioned by Klinonsky et al. in their
publication in 2003 (Klionsky et al., 2003), and also reviewed in 2004 (Beth Levine & Klionsky,
2004). The name was developed to create a common nomenclature because of the confusion
caused by different names of these ATGs in different publications (Klionsky et al., 2003). In
1993, Tsukada and Ohsumi discovered the first ATG in the yeast Saccharomyces serevisiae, and
named it APG (AutoPhaGy). In this study, they concluded that at least 15 APG/ATG gene
functions are required for the autophagic process in yeast, and that they are essential in the
creation of autophagic bodies during starvation (Tsukada & Ohsumi, 1993). In 2003 there were
18 ATGs that are associated with autophagy in higher eukaryotes (Klionsky et al., 2003). In a
review by van Beek, et al. this year (2018), 41 ATG genes have this far been isolated from yeast
whereas many also have one or more counterparts in mammalian cells (van Beek, Klionsky, &
Reggiori, 2018). In addition to ATG8 acting on the autophagosome (which are explained in
detail under “ATG8”), Atg8 is also involved in a ubiquitination-like modification system. After
processing, Atg4 processes Atg8. Atg7 (an E1 enzyme) then activates Atg8 which then are
transferred to Atg3 (an E2 enzyme). In addition to activating Atg8, Atg7 also activates Atg12.
The first The Atg1-Atg13 complex are involved in the TOR pathway, and are phosphorylated by
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TORC1 under growing conditions. Other ATGs have been found to interact with each other;
Atg17 with Atg1-Atg13, and Atg29 and Atg31 with Atg17. Atg9 have been found to be essential
in the autophagosome formation by delivering membrane lipids from the Golgi apparatus. This
transfer is also depending on Atg23 and Atg27 (Ohsumi, 2014).

1.1.3 The Selectivity of Autophagy
Autophagy was first thought to be a non-selective process, but more recent studies have
suggested it to be more selective (Birgisdottir, Lamark, & Johansen, 2013; Johansen & Lamark,
2011; Rogov, Dotsch, Johansen, & Kirkin, 2014). Studies of the molecular mechanisms of
autophagy began with the finding of ATG genes, and the family of Atg/ATG proteins have since
grown. Atg8 is one of these protein families, consisting of several subfamilies. In animals, there
are two subfamilies; microtubule-associated protein 1 light chain 3 (LC3), -aminobutyric acid
receptor-associated protein (GABARAP) (Shpilka, Weidberg, Pietrokovski, & Elazar, 2011; van
Beek et al., 2018). Within these two subclasses of ATG8, there are 7 homologs in humans;
LC3A, LC3B, LC3B2, LC3C, GABARAP, GABARAPL1, and GABARAPL2/GATE-16
(Rogov et al., 2014). There has been discovered a number of human cargo receptors which have
been shown to be important for the selectivity in autophagy (Johansen & Lamark, 2011; Rogov
et al., 2014). The cargos may have conjugated ubiquitin (Ub) regions in which these autophagic
cargo receptors recognize and bind. p62/SQSTM1 (hereafter only called p62), neighbor of
BRCA1 gene 1 (NBR1), optineurin, and nuclear dot protein 52 (NDP52) are examples on
receptors that recognize and bind to ubiquitinated cargos (Rogov et al., 2014). p62, NBR1,
NDP52/Ca2+-binding and coiled-coil domain 2 (CALCOCO2) and optineurin is in the class of
SQSTM1-like receptors (SLRs) together with Tax1-binding protein 1 (TAX1BP1) (Hatakeyama,
2017). Other receptors are the mitophagy-specific receptors (BNIP3, NIX (Bcl-2/adenovirus E1B
19 kDa-interacting protein 3-like), FUNDC1 (Fun14 domain-containing protein 1) and FKBP8
(Rogov et al., 2014)) that is involved in autophagy of severely, damaged mitochondria, and
pexophagy-specific receptors (methylotrophic yeast) where peroxisomes are degraded to
generate energy. This recognition and binding by autophagic cargo receptors may induce
autophagosome formation, but require two things from the cargo to do so; (1) Multiple receptors
must be able to bind simultaneously to its surface, which requires that the cargo is large enough
or oligomeric. (2) Atg8 must bind to the cargo in addition to the autophagy receptor,
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simultaneously. A model for this selective autophagosome formation has been suggested by
Rogov et al.: i) the cargo must be modified to be recognized, multiple receptors have to bind
simultaneously either directly or via Ub for further modification of the cargo, ii) preexisting
phagophores must be recruited (either by phosphatidylethanolamine (PE)-conjugated
Atg8/LC3/GABARAPs and ATG5-ATG12-ATG16 bound to Ub or autophagic receptors), iii)
ULK1 (uncoordinated 51-like kinase 1) must be recruited (by Atg8/LC3/GABARAPs and/or
ATG16) so that VPS34 (vacuolar protein sorting 34) may be recruited, iv) the phagophore must
be expanded around the cargo to become an autophagosome (performed by ATG5-ATG12ATG16 complex and other ATG factors), and the autophagosome must fuse with lysosomes for
degradation of cargo and receptors (Rogov et al., 2014).

The first SLR to be discovered was p62 (Bjorkoy et al., 2005; Pankiv et al., 2007). p62 is an
important signaling protein and an autophagy receptor mediating selective degradation of various
cargos (Lippai & Low, 2014). A schematic of p62 is illustrated in Figure 5, showing the domains
important for the protein´s function in autophagy and other signal pathways.

Figure 5: p62 domain structure with interacting partners. p62 has six functional domains; PB1 (N-terminal
Phox and Bem1), ZZ (zinc finger), TB (for TRAF6 binding), LIR (the LC3-interacting domain), KIR (the Keapinteracting region) and UBA (C-terminal ubiquitin-associated domain). All these domains are important for p62 to
function in autophagy and other signaling pathways. Figure reprinted with permission from (Lippai & Low, 2014).
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LC3, encoded by the genes MAP1LC3A, MAP1LC3B, MAP1LC3B2 and MAP1LC3C in
humans, is placed both on the inner membrane and on the outer membrane of the
autophagosome. LC3B acts as a receptor for p62/SQSTM1 (Pankiv et al., 2007; Rogov et al.,
2014). One major task for p62 is to gather components marked for autophagy in larger
aggregates (Johansen & Lamark, 2011). The aggregates are then delivered to the
autophagosomes by, in the case of p62, LC3B. In this way, Atg8s help with the selectivity of
autophagosomal degradation (Shpilka et al., 2011).

1.1.4 ATG8s
In mammals, there are six different ATG8s divided in two subfamilies; LC3 and
GABARAP/GABARAPL2. In conjugation with phosphatidylethanolamine (PE) LC3 and
GABARAP contribute in autophagy by binding to other components in a LIR-dependent
manner. This is illustrated in Figure 6. In a study performed by Nguyen et al. the complex was
found not to be essential for the autophagosome formation. Though, the autophagosomes with
LC3/GABARAP-PE present are bigger than they are without the ATG8s present. The ATG8s
also seem to be important for the efficient formation of autophagosomes and the fusion between
the autophagosome and lysosome (Nguyen et al., 2016).

Figure 6: LC3/GABARAP regulates autophagy. LC3/GABARAP conjugation to the membrane lipid
phosphatidylethanolamine (PE) is facilitated by several enzymes, including ATG3, ATG5 and ATG7. The
LC3/GABARAP-PE complex is involved in the process of membrane elongation, autolysosome formation and
membrane closure. The figure is reprinted with permission (Martens, 2016).
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Proteins interact with ATG8s via their LIR (LC3-interacting region) (Birgisdottir et al., 2013;
Shpilka et al., 2011). Even though LC3s and GABARAPs similarities, and they both participates
in the processes of autophagy, they act in different parts of the process. GABARAP is crucial in
the successful autophagosome-lysosome fusion, while the lack of LC3 did not significantly alter
this fusion (Nguyen et al., 2016). Earlier studies have marked LC3B as the most prevalent and
well-established marker for the autophagosome in mammals (Birgisdottir et al., 2013; Kabeya et
al., 2000).

ATG8s have two hydrophobic pockets (HP1 and HP2) in which they interact with cargos or
other proteins. It is these hydrophobic pockets that bind the LC3-interacting region (LIR) of
other proteins (e.g. p62) (Noda et al., 2008).

1.1.5 LIR
LC3-interacting region (LIR) was first identified in p62 (Pankiv et al., 2007), and have later been
found in a large amount of other proteins (Alemu et al., 2012). LIR-motif dependent binding
between different proteins are essential in many different processes of autophagy.
Phosphorylation of threonine/serine residues either in LIR itself or the surrounding regions may
regulate the binding between LIR and the ATG8s. The LIR domain of different proteins does not
consist of the same four amino acids, but some general rules have been shown to apply for many
LIRs. The aromatic position in LIR that binds to the HP (hydrophobic) 1 pocket usually has a
tryptophan (W) or a phenylalanine (F) for most proteins, and a few proteins have tyrosine (Y). F
has a lower affinity for HP1 than W, and is therefore more dependent on the amino acid next to it
in the LIR domain to compensate. Only the amino acids valine (V), cysteine (C), isoleucine (I),
glutamic acid (E) and F were acceptable in these LIRs. An acidic charge has also seemed to be of
importance at either the N- or the C-terminal of the conserved, aromatic residue; E, aspartic acid
(D), serine (S) or threonine (T). As the general rule, the consensus of the LIR domain is
(W/F/Y)XX(L/I/V) (Alemu et al., 2012; Birgisdottir et al., 2013).

1.2 Marking and detecting proteins for degradation
The most used methods for in vivo studies include microscopes, confocal fluorescence
microscopes in most cases. By tagging the protein of interest with a fluorescing tag, e.g. GFP or
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mCherry, the protein may be seen in the fluorescence microscope (Shashkova & Leake, 2017).
Autophagy includes the lysosome for degradation of for example targeted proteins. Proteins
involved in autophagy may also be degraded in the lysosome (Lamb et al., 2013; Xie &
Klionsky, 2007). One important hallmark of the lysosomes, is that it has a pH of 5 or lower due
to H+ pumps in the membrane (Alberts et al., 2008). This hallmark can be taken advantage of
when using confocal microscopy. While mCherry fusion tags are quite pH stable, the EGFP or
EYFP fusion tags are not. In the acidic lysosomes, the EGFP loses its fluorescence, while
mCherry maintains its fluorescence until it is proteolytically degraded. Therefore, it is possible to
detect degradation of autophagy substrates and autophagy receptors by the lysosome and thereby
monitor autophagy (Bjørkøy et al., 2009).

In eukaryotic cells, there are two systems for degradation of proteins; the ubiquitin-proteasome
system (UPS) and autophagy. In both systems, the protein to be degraded is ubiquitinated and
thereby recognized by receptors. UPS degradation of proteins through the 26S proteasome is
almost solely dependent on this ubiquitination of the target for recognition and targeting
(Schreiber & Peter, 2014).

For ubiquitination to occur, there is a need for three different enzymes; the E1 activating
enzyme, the E2 conjugating enzyme, and the E3 ligase (Pickart, 2001). An overview of the
ubiquitination process is illustrated in Figure 7.

11

Figure 7: Overview of ubiquitin signaling. (A) The substrate (dark gray) is added ubiquitin (light gray) with the
help from the enzymes E1, E2, and E3. Polyubiquitination may occur, in which the substrate is modified with a
chain or chains of ubiquitin molecules. The fate of the substrate may be transport to the 26S proteasome,
endocytosis or other fates. (B) shows a more detailed overview from the free ubiquitin molecule until it is added to
the substrate with help from the three enzymes E1, E2, and E3. Figure is reprinted with permission from (Pickart,
2001).

1.3 TRIMs
Tripartite motif (TRIM) proteins are classified as a subfamily of the E3 ubiquitin ligase family.
This is because most TRIM proteins contain a RING domain, even though some of them do not
(Hatakeyama, 2017). The RING domain is cysteine-rich and binds to zinc (Borden, 2000), and is
known for its interaction with E2 ubiquitin conjugating enzymes, and thereby, the proteins
containing the RING (Really Interesting New Gene) finger domain, act as E3 ubiquitin protein
ligases (Freemont, 2000). As for now, more than 80 different human TRIM proteins have been
discovered, and their involvement demonstrated in processes like autophagy, immunity and
carcinogenesis. In addition to the RING domain, TRIM proteins usually also possess one or two
B-boxes and a coiled-coil domain (CCD) in their N-terminal part. Not all TRIM proteins have all
these domains, and with different combination of functional domains in their C-terminal part
they can act in different pathways binding to different substrates. The family of TRIM proteins
are organized in subfamilies, C-I to C-XI, with the additional RING-less (UC) subfamily (Figure
8). This subfamily classification is due to their domain organization (Hatakeyama, 2017). Figure
8 shows the organization of the TRIM proteins, with their N- and C-terminal domains.
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Figure 8: Structure of the different TRIMs. TRIM proteins are organized into different families according to the
domain structure in their C-terminal part. In the N-terminal part there may be a RING domain (R), one or two Bboxes (B1 and B2), and a coiled-coil domain (CC). The C-terminal part may include a variety of domains, including
the SPRY domain. Reprinted with permission from (Hatakeyama, 2017).

The review article by Kimura, Mandell and Deretic from 2016 lists the general physiology of
TRIM proteins with their coherent diseases (Kimura, Mandell, & Deretic, 2016). For TRIM16L
(alias TRIM70), TRIM42, TRIM43, TRIM48, TRIM49, TRIM51, TRIM52, TRIM60, TRIM64,
TRIM67, TRIM69 and TRIM75, only their domain organization is known. Almost all of the
remaining TRIMs listed in this table have been associated with a disease. Then there are some
TRIMs that are extensively studied. Domain organization, binding partners, functional details,
and disease/general physiology/mutations have been found for many of these TRIMs; TRIM5,
TRIM13, TRIM19, TRIM20, TRIM21, TRIM22, TRIM28, TRIM50, and TRIM55
(Hatakeyama, 2017; Kimura, Mandell, et al., 2016).

1.3.1 TRIM E3 Ligases in Autophagy
Many TRIM proteins have been shown to be associated with autophagy by interacting with
different known autophagy proteins and autophagy receptors. This is shown in Table 1. Here, the
autophagy proteins are divided into three groups; human ATG8, SLRs, and others (Hatakeyama,
2017). Of these 20 different TRIM proteins listed in Table 1, half of them interact with p62, half
interact with LC3A and/or GABARAP, and 9 interact with Beclin-1 and/or ULK1.

There are some of the TRIMs that lack the RING domain, e.g. TRIM20, but still interacts with
autophagy-related proteins. This suggest that it is not only the E3 ligase activity of the TRIM
proteins that is important for autophagy. Of the over 80 TRIM proteins found, all of them act in
different pathways, and interact with different proteins/complexes. When studying autophagy,
yeast is often used as a model organism. Therefore, it is quite interesting that no TRIM proteins,
or some ancestral protein or gene encoding TRIM proteins, is found in yeast (Hatakeyama,
2017).
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Table 1: TRIM proteins related to autophagy for their interaction with autophagy-related proteins. The
autophagy-related proteins are divided into three groups; the human Atg8, the SLRs, and others. This table is
modified from figure 3C in (Hatakeyama, 2017).
TRIM protein

Interacting autophagy-related protein

TRIM1 (Kimura et al., 2015)

SLR (NDP52)

TRIM5 (Mandell, Kimura, Jain, Johansen, & Deretic,

Human Atg8 (LC3A, LC3C, GABARAP)

2015; Ribeiro et al., 2016)

SLR (p62), Others (Beclin-1, ULK1)

TRIM6 (Mandell et al., 2014)

Others (Beclin-1, ULK1)

TRIM13 (Tomar et al., 2013; Tomar & Singh, 2014;

SLR (p62)

Tomar, Singh, Singh, Pandya, & Singh, 2012)
TRIM16 (Kimura, Jia, Claude-Taupin, et al., 2017;

Human Atg8 (GABARAP)

Kimura, Jia, Kumar, et al., 2017; Kumar et al., 2017;
Mandell et al., 2014)
TRIM17 (Mandell et al., 2016; Mandell et al., 2017)

Human Atg8 (LC3A, GABARAP)
SLR (p62), Others (Beclin-1, ULK1)

TRIM20 (Kimura et al., 2015; Mandell et al., 2014)

Human Atg8 (LC3A, GABARAP)
Others (Beclin-1, ULK1)

TRIM21 (Kimura, Jain, et al., 2016; Kimura et al.,

Human Atg8 (LC3A, LC3B, GABARAPL2/GATE-16)

2015)

SLR (p62), Others (Beclin-1, FIP200/RB1CC1, ULK1)

TRIM22 (Mandell et al., 2014)

Human Atg8 (LC3A, GABARAP)
SLR (p62), Others (Beclin-1, ULK1)

TRIM28 (Pineda & Potts, 2015; Y. Yang et al., 2013)

Human Atg8 (LC3A, LC3B, GABARAP)
SLR (p62), Other (ULK1)

TRIM33 (Gallouet et al., 2017)

Other (FIP200/RB1CC1)

TRIM40 (Noguchi et al., 2011)

Other (Beclin-1)

TRIM41 (Hatakeyama, 2017)

Human Atg8 (LC3A)

TRIM45 (Shibata, Sato, Nukiwa, Ariga, &

Human Atg8 (GABARAPL2/GATE-16)

Hatakeyama, 2012; Wang et al., 2004)
TRIM49 (Mandell et al., 2014)

Human Atg8 (LC3A, GABARAP)
SLR (p62), Others (Beclin-1, ULK1)

TRIM50 (Fusco et al., 2012)

SLR (p62)

TRIM55 (Mandell et al., 2014)

Human Atg8 (LC3A, GABARAP)
SLRs (p62, NBR1)

TRIM61 (Hatakeyama, 2017)

Other (Beclin-1)

TRIM63 (Khan et al., 2014)

SLR (p62)

TRIM76 (Blandin et al., 2013)

SLR (Optineurin)
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There are some of the TRIMs that lack the RING domain, e.g. TRIM20, but still interacts with
autophagy-related proteins. This suggest that it is not only the E3 ligase activity of the TRIM
proteins that is important for autophagy. Of the over 80 TRIM proteins found, all of them act in
different pathways, and interact with different proteins/complexes. When studying autophagy,
yeast is often used as a model organism. Therefore, it is quite interesting that no TRIM proteins,
or some ancestral protein or gene encoding TRIM proteins, is found in yeast (Hatakeyama,
2017).

TRIMs involved in autophagy differ from many other autophagy receptors by acting as platforms
to assemble compounds involved in formation of the autophagosome, in addition to act as
receptors and E3 ligases. These proteins do not need their cargos to be ubiquitinated or subjected
to any other modification, and they bind to their cargo by direct protein-protein interactions.
After binding with their cargo, they serve as assembly platforms for important autophagy
regulators such as ULK1/2 (mammalian Atg1 paralogues), Beclin-1 and ATG16L1 (Kimura,
Mandell, et al., 2016). Certain TRIM proteins are in this way important regulators of autophagy,
and contribute to the selectivity of autophagy. This has been termed precision autophagy
(Kimura et al., 2015).

It has been shown that TRIMs interact with ULK1 and Beclin 1. Of the TRIMs tested, TRIM5,
TRIM17, TRIM22, TRIM49 and TRIM 55, only those with a SPRY domain were able to interact
with ULK1 and Beclin 1. TRIM55 do not contain a SPRY domain, and showed no interaction
with ULK1 or Beclin 1. Furthermore, they showed that mutations in other parts of the TRIMs did
not affect the interaction with Beclin 1. TRIM55 showed no interaction with Beclin-1.
Interestingly, TRIMs that bound ULK1 and Beclin 1 could assemble those two into a complex.
Even though TRIM55 do not bind to either of the proteins, it has shown to affect autophagy. The
same TRIMs were also tested for interaction with the Atg8 proteins, which they all did (Table )
(Mandell et al., 2014).

1.3.2 The C-terminal part of TRIMs is important for specific binding to cargos
Each TRIM protein’s ability to bind to a specific substrate, lies in their domains at their Cterminal part (Mandell et al., 2014). Specific studies of certain TRIM proteins have revealed
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some specific functions for that exact TRIM. One example is TRIM5. In addition to its Nterminal region containing the RING domain, B-box and the CCD, it has the SPRY domain in its
C-terminal region (Campbell et al., 2015). The SPRY domain can, in some cases, recognize and
protect the organism from certain viruses. Rhesus macaques have a TRIM5 (rhTRIM5) that
protects them from human immunodeficiency virus type 1 (HIV-1), in which the human
TRIM5 only has limited protection. rhTRIM5 also seemed to protect against simian
immunodeficiency virus (SIV), but at a lower degree than HIV-1 (Imam et al., 2016; Stremlau et
al., 2004). In addition to relevance in cell-autonomous retroviral restriction and its ability to bind
p62, the TRIM5 cognate target, the HIV capsid protein p24 has been shown to be removed by
autophagy (Mandell et al., 2014).

In another study performed by Kimura and coworkers (2015), they found that TRIM20 was
strongly induced by IFN (interferon)- , which influences cytokine networks and polarization of
immune cells and also induces autophagy. They also found that this TRIM was crucial for IFN-induced autophagy. Another finding was that TRIM20 interacts with ULK1, Beclin-1 (Table ),
and ATL16L1. TRIM20 binds directly to ULK1 and Beclin-1 simultaneously, and thereby
assembles them. These bindings require specific domains that TRIM20 has (B-box and CCD for
binding to ULK1, and B-box and CCD or PRY/SPRY domain for Beclin-1 and ATL16L1).
Familial Mediterranean fever (FMF) has also been associated with TRIM20, where frequent
mutations in its PRY/SPRY domain is detected (Masters, Simon, Aksentijevich, & Kastner,
2009). The PRY/SPRY domain of TRIM20 was shown to bind to the inflammasome components
NLRP3, pro-caspase 1, and NLRP1, and deliver them for autophagic degradation. This study
also suggested that degradation of TRIM20 happens in the autolysosome together with its bound
cargo (Kimura et al., 2015).

In the same study they showed that TRIM21 displays many similarities with TRIM20, but
TRIM21 also interacted with p62 and did not require the SPRY domain for binding to
GABARAP. The SPRY domain of TRIM21 was shown to interact with IRF3 (IFN regulatory
factor 3), and thereby cause autophagic degradation of this activated transcription factor (Kimura
et al., 2015).
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1.3.3 TRIM23

Figure 9: Schematic of TRIM23 domain organization. In the N-terminal there is a RING domain, a B-box and
the LIR motif. In the C-terminal there is a coiled-coil (CC) domain and an ARF-like domain.

TRIM23 has been found in many different human tissues at a readily detectable level. TRIM23
has been shown to be involved in autophagy, and also to induce endogenous LC3B. LC3B and
p62 are used as marker proteins for monitoring autophagy flux, and are therefore good pinpoints
to check other proteins and molecules for involvement in autophagy. Virus-induced autophagy
has also been shown to be increased by some TRIM proteins, including TRIM23. In addition to
the common domains of TRIM proteins, TRIM23 also contains an ARF (ADP-ribosylation
factor) domain in the C-terminal end (Figure 9). The ARF domain has GTPase activity, and has
been shown to be important for the interaction with LC3B together with the RING domain. The
study performed by Sparrer et al. in 2017 also suggested that this GTPase activity is required for
autophagy mediated by TRIM23 (Sparrer et al., 2017). Another finding have suggested that
TRIM23 is auto-ubiquitinated, in which this ARF domain is crucial. The mutations of specific
binding sites (K402, K425, K446, K458 and K460), where K (lysine) is mutated to R (arginine)
also made TRIM23 loose its ability to bind to LC3B. TRIM23 seemed to be recruited to the early
autophagosomal membranes by ubiquitin-dependent GTPase activity. TRIM23 also seemed to be
dependent of ubiquitination of K27 to be able to hydrolyze GTP (Sparrer et al., 2017). The RING
domain is the domain with E3 ligase activity (Hatakeyama, 2017), and has also been a subject in
studies. In a study performed by Dawidziak et al. in 2017 they suggested that the RING domain
of TRIM23 is catalytically active only in its dimer form (Dawidziak, Sanchez, Wagner, GanserPornillos, & Pornillos, 2017)

In addition to binding to LC3B, TRIM23 has also been shown to interact with TBK1 and p62.
These interactions seemed to be stimulated by autophagy activity. Also, TBK1 has been
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suggested to be important for TRIM23 in its functions in autophagy, including the
phosphorylation of p62 (Sparrer et al., 2017).

TRIM23 has also been linked to other mechanisms and processes in the body. One example is in
the process of maturation of adipocytes; fat cells. The precursor cells need upregulation of a
transcription factor named PPAR to differentiate. It seems like TRIM23 present in the precursor
cell regulates the level of PPAR, and thereby allows the cell to mature into an adipocyte
(Watanabe et al., 2015).

1.3.4 TRIM31

Figure 10: Schematic of TRIM31 domain organization. The protein contains a RING domain, a B-box and a
coiled-coil (CC) domain. Inside the CC domain, two LIRs are proposed present.

TRIM31 is a tissue-specific protein, expressed in association with mitochondria and lysosomes
in human colonic and intestinal epithelial cells (Ra et al., 2016). As shown in Figure 10, TRIM31
has a RING domain, a B-box and a coiled-coil (CC) domain. A peptide array performed with this
protein has indicated two potential LIR domains located inside the CC domain.

TRIM31 is shown to be involved in different types of cancer. By over-activating the mammalian
target of rapamycin complex1 (mTORC1) pathway through negative regulation of the TSC1TSC2 complex in hepatocellular carcinoma (HCC), TRIM31 promotes tumor growth. TRIM31 is
normally expressed in the cytoplasm of healthy hepatocytes, but is significantly upregulated in
hepatocarcinoma cells. Also, TRIM31 is expressed at higher levels as the tumor progresses in
these patients. The same study by Guo et al. showed that TRIM31 promotes tumor growth,
invasion and colony formation when exogenously overexpressed (Guo et al., 2017). TRIM31 is
also shown to be upregulated in gastric adenocarcinoma (Sugiura & Miyamoto, 2008). In
contrast to the two other cancer types mentioned (HCC and gastric adenocarcinoma), TRIM31
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has been suggested to be downregulated in non-small cell lung cancer (NSCLC), indicating it to
act as a tumor suppressor for this type of cancer (H. Li et al., 2014)

According to a cDNA screen performed by Sparrer et al., TRIM31 does not impact the lipidation
of LC3B (Sparrer et al., 2017). This is also supported by Guo et al. by showing that TRIM31
over-activate the mTORC1 pathway, that further on suppresses autophagy (Guo et al., 2017). In
another study by Ra et al. in 2016, TRIM31 is suggested to promote ATG5/ATG7-independent
autophagy in intestinal cells. This study also found that TRIM31 is down-regulated in Crohn’s
disease. Cytosolic proteins and bacteria is recognized by TRIM31 and delivered for autophagic
degradation (Ra et al., 2016).
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2 Aims of Study
Preliminary work has indicated that TRIM23 and TRIM31 are important in certain aspects of
autophagy (Ra et al., 2016; Sparrer et al., 2017). In addition to these studies, peptide arrays have
been performed in our lab (G. Evjen and T. Johansen, unpublished), which shows that both
TRIM23 and TRIM31 bind GABARAP. The peptide array also showed one potential LIR motif
in TRIM23 and two in TRIM31. Because of these results, TRIM23 and TRIM31 may be binding
to ATG8s. The main aim of this study were therefore to increase the understanding of TRIM23
and TRIM31 acting in autophagy, moreover binding to the human ATG8 family proteins and if
this binding was mediated via the potential LIR domain(s) found in TRIM23 and TRIM31.
Secondly, we wanted to determine the degradation pathways of TRIM23 and TRIM31.
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3 Materials and Methods
3.1 Materials
The materials used in this thesis are listed in tables. Agar plates and growth medium for bacteria
are only mentioned in methods when used.

3.1.1 Plasmids
The plasmids used in this thesis are listed in Table 2.

Table 2: Plasmids used in this thesis.

Plasmid name

Reference

Information

pDONR221 HA TRIM23

(Mandell et al.,

cDNA for TRIM23

2014)
pDest-myc TRIM23

Clone

cDNA for TRIM23 with myc-tag

HsCD00040302
Harvard
PlasmID
Repository
pDest-GFP TRIM23

(Mandell et al.,

cDNA for TRIM23 with GFP

2014)
pDestmCherry-EYFP TRIM23

pDONR221 TRIM31 fusion

A. Jain

cDNA for TRIM23 with double-

(unpublished)

tag

(Mandell et al.,

cDNA for TRIM31

2014)
pDestmCherry-EYFP p62

pDestmCherry-LC3A

T. Lamark

Mammalian expression vector for

unpublished

double-tagged p62

(Abudu, 2013)

Mammalian expression vector for
mCherry-tagged LC3A

pDestmCherry-LC3B

(Pankiv et al.,

Mammalian expression vector for

2007)

mCherry-tagged LC3B
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pDestmCherry-GABARAP

(Abudu, 2013)

Mammalian expression vector for
mCherry-tagged GABARAP

3.1.2 Proteins
The proteins used in this thesis are listed in Table 3.

Table 3: Proteins used in this thesis.

Name

Reference

Information

pDest15 LC3A

(Pankiv et al.,

Bacterial expression vector to

2007)

produce GST-tagged LC3A in E.
coli

pDest15 LC3B

(Pankiv et al.,

Bacterial expression vector to

2007)

produce GST-tagged LC3B in E.
coli

pDest15 LC3C

(Jain et al.,

Bacterial expression vector to

2010)

produce GST-tagged LC3C in E.
coli

pDest15 GABARAP

(Pankiv et al.,

Bacterial expression vector to

2007)

produce GST-tagged GABARAP
in E. coli

pDest15 GABARAP Y49A

Y. P. Abudu

Bacterial expression vector to

(unpublished)

produce GST-tagged GABARAP
Y49A in E. coli

pDest15 GABARAP Y49A/F104A

Y. P. Abudu

Bacterial expression vector to

(unpublished)

produce GST-tagged GABARAP
Y49A/F104A in E. coli

pDest15 GABARAPL1

(Pankiv et al.,

Bacterial expression vector to

2007)

produce GST-tagged
GABARAPL1 in E. coli

pDest15 GABARAPL2

(Pankiv et al.,

Bacterial expression vector to

2007)

produce GST-tagged
GABARAPL2 in E. coli
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3.1.3 Fusion Protein Tags
The fusion protein tags used in this thesis are listed in Table 4.

Table 4: Fusion protein tags.

Name

Information

Size

Myc

The myc-tag is 10 amino acids

1.20 kDa

long (EQKLISEEDL), and
derived from the human c-Myc
protein (Jarvik & Telmer,
1998).
EGFP

EGFP (enhanced green

 29 kDa

fluorescent protein) is a mutant
from GFP (Green Fluorescent
protein) which originally was
isolated from the jellyfish
Aequorea victoria. Excitation
maximum of EGFP is 488 nm
(Heim, Cubitt, & Tsien, 1995)
mCherry

mCherry was obtained from

 30 kDa

numerous mutations on the red
chromophore of DsRed.
Excitation maximum for
mCherry is 587 nm (Shaner et
al., 2004).
EYFP

EYFP (enhanced yellowish

 29 kDa

fluorescent protein) is an
enhanced version of YFP
(yellow fluorescent protein)
which again is a variant of GFP
(Nagai et al., 2002).
GST

Glutathione S-transferase (GST)

26 kDa

was first isolated from
Schistosoma japonicum. GST
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constitutes of a class of
enzymes which utilize
glutathione as a substrate (Smith
& Johnson, 1988). GST is
available from different
manufacturers, and is, among
other things, used in affinity and
purification experiments.

3.1.4 Oligos
The oligos used in this study are listed in Table 5.

Table 5: Oligos ordered and used in this thesis. All oligos was ordered from ThermoFisher (Invitrogen), and used
in mutagenesis and sequencing.

Name

Sequence

Purpose

TRIM3

5´-

Mutagenesi

1 LIR1,

GCAAAGGATCCTCACAGAAGCTGAACTCGCGCATCAAGTCCTAGA

s of LIR1

forward

GG-3´

in TRIM31

TRIM3

5´-

Mutagenesi

1 LIR1,

CCTCTAGGACTTGATGCGCGAGTTCAGCTTCTGTCTAGGATCCTTT

s of LIR1

reverse

GC-3´

in TRIM31

TRIM3

5´-GCAGAAGTGAAGAGGCTCAGTTTGCCAACCCAACCCCTG-3´

Mutagenesi

1 LIR2,

s of LIR2

forward

in TRIM31

TRIM3

5´-CAGGGGTTGGGTTGGCAAACTGAGCCTCTTCAGTTTCTGC-3´

Mutagenesi

1 LIR2,

s of LIR2

reverse

in TRIM31

3.1.5 Primers
The primers used in this thesis are listed in Table 6.

Table 6: Primers used in this thesis.
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TRIM31

5´-GCAGCAAAAGGAGAAGGAG-3´

Sequencing

LIR1

primer in

primer,

TRIM31

forward
TRIM31

5´-CATGCTTTTGAAGAATCTG-3´

Sequencing

LIR2

primer in

primer,

TRIM31

reverse

3.1.6 Antibodies
The primary antibodies used in Western blotting in this thesis are listed in Table 7, while the
secondary antibodies are listed in Table 8.

Table 7: Primary antibodies for Western blotting

Name

Producer/catalog

Dilution

number
GFP-tag; rabbit

abcam

1:5000

Anti-Proliferating Cell Nuclear

DAKO

1:1000

Antigen Clone PC10 (PCNA)
Table 8: Secondary antibodies for Westen blotting.

Name

Producer/catalog Dilution
number

Anti-Biotin HRP-linked Ab

Cell Signaling

3:4000

HRP Goat Anti-Rabbit IgG

BD

3:4000

PharmingenTM
HRP Goat Anti-Mouse Ig

BD

3:4000

PharmingenTM

3.1.7 Inhibitors
The inhibitors used in this thesis are listed in Table 9.

Table 9: Inhibitors used in this thesis.

26

Name

Producer

Working concentration

Information

Bafilomycin A1

Santa Cruz

200 nM

MG132

Sigma

10 uM

Inhibits vacuolar type H+ATPase
Inhibits proteasome

cOmplete Mini,

Roche

1 tablet in 10 mL solution

Inhibit degradation of proteins

EDTA-free Protease
Inhibitor Cocktail
tablets

3.1.8 Cell lines
The cell lines used in this thesis are listed in Table 10.

Table 10: Cell lines used in this thesis.

Cell line

Organism

Organ

Reference

HeLa

Human

Cerevix

(Lazarou et al.,
2015)

HeLa ATG7

Human

Cerevix

knock out

Y. P. Abudu
(unpublished)

3.1.9 E. coli Strains
The E. coli strains used in this thesis are listed in Table 11.

Table 11: E. coli strains used in this thesis.

Name

Producer

Information

One Shot OmniMAX 2 T1

Bethesda Research Laboratories

Competent E. coli for cloning

phage-resistant cells (DHSa

Inc.

cells)
BL21 (DE3)

Novagen®

E. coli for protein expression

3.1.10 Protein Ladders
Protein ladders used in this thesis are listed in Table 12.

Table 12: Ladders used in this thesis.
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Name

Producer

Catalog number

Unstained Protein Standards Broad

BioLabs

p7704 S

Cell Signaling

7727 L

Lonza

193837-BMA

BioLabs

B7024S

Range (10-200 kDa)
Biotinylated Protein Ladder
ProSieve® Quad Color

TM

Protein

Marker
Gel Loading Dye Purple (6x)

3.1.11 Plasmid Miniprep
For purifying plasmids, the GenEluteTM Plasmid Miniprep kit from Sigma Aldrich was used. The
content is listed in Table 13.
Table 13: Solutions used in purification of plasmids. All materials are included in the GenEluteTM Plasmid
Miniprep kit from Sigma Aldrich (#PLN350). Plasmids have to be prepared and purified from single colonies of E.
coli for further use in experiments.

Solution name

Purpose

Resuspention Solution added RNase

Resuspention of the bacteria pellet

A
Lysis Solution

Lyse the bacteria in the solution to free their proteins

Neutralization/Binding Buffer (S3)

Neutralize the lysis solution

for plasmid preparation
Column Preparation Solution

Preparation of columns for an efficient binding of
plasmid

Wash Solution (ws) for GenEluteTM

Washing to optimize purity of the prepared plasmid

plasmid prep kits with added
ethanol
Elution Solution (es) for

Elution of the pure plasmid and inhibit its degradation

GenEluteTM plasmid prep kits

when stored

3.1.12 Gel Electrophoresis
Buffers used in this thesis for SDS-PAGE and agarose gel electrophoresis are listen in Table 14.
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Table 14: Buffers used in SDS-PAGE.

Method

Buffer

Content

SDS-PAGE gel

4x Separating gel buffer

181.65g Trizma-base

electrophoresis

4g SDS
dH2O to 1L
pH 8.8, adjusted with HCl
4x Concentrating gel buffer

60.55g Trizma-base
4g SDS
dH2O to 1L
pH 6.8, adjusted with HCl

10% separating gel

4.9 mL dH2O
2.5 mL 40% acrylamide (Sigma Aldrich)
2.5 mL separation buffer
100 L 10% APS (Sigma Aldrich)
10 L TEMED (Tetramethylethylenediamine)
(Sigma Aldrich)

13% separating gel

4.15 mL dH2O
3.25 mL 40% acrylamide (Sigma Aldrich)
2.5 mL separation buffer
100 L 10% APS (Sigma Aldrich)
10 L TEMED (Tetramethylethylenediamine)
(Sigma Aldrich)

4% concentrating gel

6.4 mL dH2O
1 mL 40% acrylamide (Sigma Aldrich)
2.5 mL concentrating gel buffer, pH 6.8
100 L 10% APS (Sigma Aldrich)
10 L TEMED (Tetramethylethylenediamine)
(Sigma Aldrich)

Electrophoresis buffer

3g Tris-base
14.4g glycin
1g SDS
dH2O to 1L

29

2x SDS loading buffer

100 mM Tris/HCl, pH 6.0
20% glycerol
4% SDS
0.2% Brom phenol blue
200 mM DTT

5x SDS loading buffer

5% DTT
0.02% Bromphenol blue
30% glycerol
10% SDS (Sodium dodecyl sulfate)
3 mM Tris-Cl (pH 6.8)

Agarose gel

20x minigelbuffer

electrophoresis

193.76g Tris
27.22g NaOAc
14.9g EDTA-Trihydrate
dH2O to 2 L
pH adjusted to 8.0 with acetic acid

0.7% Agarose gel

0.35g SeaKem agarose
50 mL 1x minigelbuffer
GelRedTM Nucleic Acid Stain, 10 000X in water

GelRed staining

(#41003) from Biotium
0.1 M NaCl

3.1.13 Cell culturing
Materials used in cell culturing in this thesis are listed in Table 15.

Table 15: Materials used in cell culturing.

Product name

Producer

Catalog number or

Purpose

content
Dulbecco’s Modified Eagle’s

SIGMA,

Medium – low glucose

Life

(DMEM)

Science

1x PBS (Phosphate Buffered

Gibco

Saline)

M6046

Supply living cells with
nutrition

0.1 mM Na-

Washing

phosphate buffer,
pH 7.2

30

0.7% NaCl
Penicillin-Steptomycin

Sigma

P0781-100ML

Hindering contamination
of the cells from other
bacteria

Fetal bovine serum

Biochrom

s0615

Provides nutrient and

AG

amino acids to keep cells
healthy

Trypsin – EDTA Solution

Sigma

T4049

Detach cells from each
other and surface

Dimethyl sulfoxide

Sigma

D5879-1L-M

For freezing cells

Fibronectin Bovine (1:200)

Sigma

F1141

Coating of cells

3.1.14 Gateway Technology – LR Reaction
Buffers used in LR reaction in this thesis are listed in Table 16, and enzymes are listed in Table
17.

Table 16: Buffers used in LR reaction.

Buffer

Content

Purpose

Tris-EDTA (TE) buffer pH

10 mM Tris/HCl, pH 8.0

Buffer to solubilize and stabilize

8.0

(adjusted with HCl)

DNA

1 mM EDTA
Table 17: Enzymes used in LR reaction.

Enzyme name

Producer

Catalog

Purpose

number
LR clonase II

Thermo Fisher

11791-100

Enzyme to onset the reaction of
vector change in protein

Proteinase K

INVITROGEN 11791-100

Terminate the reaction of vector
change in protein

3.1.15 GST Pulldown
Buffers used in GST pulldown in this thesis are listed in Table 18, and other materials are listed
in Table 19.
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Table 18: Buffers used in GST pulldown assay.

Buffer

Content

Purpose

Lysis buffer

2.5 mL 1M TrisCl, pH 8.0

Lyse E. coli

6.25 mL 2M NaCl
39 mL dH2O
NET-N buffer

20 mM 1M Tris pH 8.0

Washing of GST beads and

100 mM 2M NaCl

buffer in loading buffer

1 mM 0,5 M EDTA
0,3% NP-40 (NonidetTM P 40
Substitute) (Sigma Aldrich)
Lysis buffer added lysozyme

3,85 mL lysis buffer

Resuspension of E. coli with

and DTT

4 L 1M DTT (DL-

ATG8s pellets to be frozen

Dithiothreitol) (Sigma Aldrich)

down

140 L lysozyme (10 mg/mL)
Triton – X100 (vwr)

Loading buffer

10 mL Triton – X100

A non-ionic surfactant and

90 mL dH2O

emulsifier detergent

12 L NET-N Buffer

Prepare ATG8 bound GST

15 L 5x or 2x SDS loading

beads for gel electrophoresis

buffer diluted in dH2O (1:5/1:2)
3 L 1M DTT
Coomassie brilliant blue

2g Coomassie Brilliant Blue R-

Staining of the gel after gel

250 (Thermo Scientific)

electrophoresis

dH2O to 200 mL
Fixation buffer

400 mL MeOH

Fixation of gel before staining

100 mL HAc

with coomassie brilliant blue

500 mL dH2O
Destain I

500 mL Methanol

Destaining of the gel after

100 mL Acetic Acid

staining

400 mL dH2O
Destain II

50 mL MeOH

Further destaining the gel after

70 mL HAc

staining and re-hydrate the gel

dH2O to 1L
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Table 19: List of materials used in GST pulldown assay.

Product name

Producer

Catalog

Purpose

number
Isopropyl -D-1-

SIGMA

thiogalactopyranoside (IPTG)

Aldrich

I6758-10G

Induce transcription from
promoter to the protein
wanted to be expressed from
pDest vectors (Noireaux,
Bar-Ziv, & Libchaber, 2003)

Glutathione SepharoseTM 4 Fast

GE

Flow

Healthcare

17-5132-01

GST beads for binding to
GST-tagged proteins

3.1.16 Site Directed Mutagenesis and Sequencing
Materials used in site directed mutagenesis and sequencing in this thesis are listed in Table 20.

Table 20: List of materials used in site directed mutagenesis and sequencing.

Product name

Producer

Catalog

Purpose

number
10x Cloned Pfu Reaction Buffer

Agilent

206115-51

Buffer containing an
optimal concentration of
magnesium for PCR

dNTP mix

Sigma

D7295

Aldrich

Provides nucleoside
triphosphates for
transcription of new
sequences

Pfu Turbo DNA Polymerase

Agilent

600254-52

A DNA polymerase with
proofreading activity

DPNI

NEB

R0176 L

A restriction
endonuclease enzyme

BigDye Terminator v3.1 Cycle

Thermo

Sequencing

Fisher

4337455

Buffer containing
enzymes, nucleotides and
what else is needed for a
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sanger sequencing
reaction

3.1.17 GST-Pulldown Assay with Cell Lysate
Buffers used in GST-pulldown with cell lysate in this thesis are listed in Table 21, while other
products are listed in Table 22.

Table 21: Buffers used in GST pulldown assay with cell lysate.

Buffer

Content

Purpose

RIPA buffer

50 mM Tris, pH. 7,5

Lyse cells

150 mM NaCl
1 mM EDTA
1% NP40
0,25% Triton-X
dH2O
1x PBS-T

75 mL 2 M NaCl

Washing of membrane

10 mL 1 M Tris-HCl, pH 8.0
1 mL Tween20
dH2O to 1L

Table 22: List of materials used in GST-pulldown assay with cell lysate.

Product name

Producer

Catalog number

Purpose

Metafectene®Pro

Biontex

T040-5.0

A liposome-based
transfection reagent

Glutathione SepharoseTM 4 Fast

GE

Flow

Healthcare

17-5132-01

GST beads for binding to
GST-tagged proteins

3.1.18 Western Blot
Materials used in Western blotting in this thesis are listed in Table 23.

Table 23: List of the different materials used in Western blotting.
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Product name

Producer

Catalog

Purpose

number or
content
SuperSignal

TM

West Femto

Maximum Sensitivity

Thermo

34095

A chemiluminescent substrate

Scientific

in which visualize proteins
with HRP tag

5% dried milk solution

GABER

2g dried milk

SALITER

(Magermilch

Block the membrane

pulver)
40 mL 1x PBST
0.1% Ponceau staining

Sigma Aldrich

buffer

0.5 g Ponceau S

Staining of the membrane

2.5 mL acetic
acid
474.5 mL dH2O

1x PBS-T

75 mL 2 M

Washing of membrane

NaCl
10 mL 1 M TrisHCl, pH 8.0
1 mL Tween20
dH2O to 1L

3.1.19 Transfection and Analyzing with Confocal Microscopy
Materials used in transfection and analyzing with confocal microscopy in this thesis are listed in
Table 24.

Table 24: List of the different materials used in Transfection of cells and visualizing with confocal
microscopy.

Product name

Producer

Catalog

Purpose

number
Ethanol (70%) diluted in dH2O

Washing of coverglasses in 24well dishes
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TransIT ®- LT1 Reagent

Mirus

MIR2300

A reagent which provides a high
efficiency DNA delivery in
mammalian cells

Hanks’ Balanced Salt Solution

Sigma

H8264

(HBSS)

Starvation media to starve
mammalian cells.

Formaldehyde solution (Pfa)

Thermo

1.00496-

Fixation of cells

4%, buffered, pH 6.9

Scientific

5000

DAPI

Thermo

62248

Staining of nucleus

Merck

475904-

Preserve and attach cells on

Millipore

100GM

coverglasses on coverslips

Fisher
Mowiol ®

3.2 Methods
3.2.1 General Methods
3.2.1.1 Plasmid Purification
There are many methods developed for purifying plasmids, and method used is often chosen
based on how pure the plasmid has to be in the experiment. Some methods may use a drastic pH,
heat or other changes to help purify impurities from the plasmid solution. Different kits are
available for purifying plasmids. GenEluteTM HP 96-Well Plasmid Miniprep Kit, GenEluteTM HP
Plasmid Maxiprep Kit, and GenEluteTM Plasmid Miniprep Kit are three examples from Sigma
Aldrich.

3.2.1.1.1 Protocol
To purify the different plasmids needed, the GenEluteTM Plasmid Miniprep Kit from Sigma
Aldrich was used with the manufactures protocol. Overnight cultures of E. coli harboring the
plasmids of interest were grown in 5 mL TB medium containing antibiotics, kanamycin for
proteins in pDONR vector and ampicillin when in pDest vectors, and pelleted in Eppendorf tubes
in two turns by centrifugation at 13 000 rpm for one minute each time in a microcentrifuge. The
pellets were then re-suspended in 200 L Resuspension Solution containing RNase A which
catalyzes the degradation of RNA, and added 200 L Lysis Solution to lyse the bacteria
containing Escherichia coli. The solution was mixed by gently inverting the tubes, and allowed
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to clear for 5 minutes. To prepare the cleared lysate, 350 L Neutralization Solution was added.
To enable the column to bind DNA, 500 L Column Preparation Solution was added to empty
columns in new Eppendorf tubes. After adding the DNA solution to the columns, the tubes were
centrifuged at 13 000 rmp and flow-through was discarded. Now, when the plasmid DNA should
have bound to the column, the columns were washed with 700 L Wash Solution. The purified
DNA in the columns were then moved to new tubes and added 50-100 L Elution Solution to be
detached from the columns by centrifugation (13 000 rpm). The concentrations of the purified
plasmids could now be measured by for example Nanodrop, and kept at -20C until needed.

3.2.1.2 SDS-PAGE Electrophoresis
SDS-PAGE (Sodium Dodecyl Sulfate – PolyAcrylamide Gel Electrophoresis) is a method to
separate proteins according to their size. To separate the proteins from each other, they first have
to be denatured to their primary structure. This occurs when the proteins are mixed with SDS,
which works as a detergent. Bound SDS gives proteins a negative charge. The gel used in this
method is based on polyacrylamide. The proteins will move towards the plus pole when the
electricity is turned on. The small proteins will move the fastest, because they can fit into any of
the pores in the gel, while the larger proteins only have a few pores they fit in to. Upon running
the gel, the various proteins are separated by size. With the help of a ladder (a set of proteins
with known molecular weights), the size of the different proteins can be estimated. To get visible
protein bands, the gel has to be stained with e.g Ponceau or Coomassie Blue or specific bands
can be detected by Western blot ("SDS-PAGE (PolyAcrylamide Gel Electrophoresis)," 2001).

3.2.1.3 Agarose Gel Electrophoresis
To verify LR reaction products, agarose gel electrophoresis was run to separate LR product
DNA. To prepare DNA for agarose gel electrophoresis, 5 L DNA (100-200 ng)/H2O was added
1 L 6x loading buffer. A 0.7% agarose gel was made by dissolving 0.35 g SeaKem agarose in
50 mL 1x minigelbuffer. The solution was heated in a microwave for some minutes until
SeaKem agarose was properly dissolved. The solution was thereafter added to a plate, in which
was properly sealed to avoid leakage, and a comb was inserted to make wells. When the gel was
solid, the comb was carefully taken out to avoid destroying of the wells. The wells were added 6
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L of the DNA/buffer solution and run at 90 V for 60 minutes. To visualize the bands, the gel
was stained with GelRed (1:10 000 in 0.1 M NaCl) for 10-20 minutes. The image was taken by
BioDoc-It® 220 Imaging System using a UV lamp.

3.2.1.4 Spectrophotometry (O.D.)
Spectrophotometry is a method to measure how much light a solution is absorbing. The method
can be used to measure the density of bacterial strains, as a way to follow bacterial growth. The
machine is made up of two components; a spectrometer that produces light at any wavelengths,
and a photometer that measure the intensity of the light that is not absorbed by the solution. The
spectrophotometer gives the absorption in optical density (O.D.), which is in a logarithmic scale.
When measuring the density, you need to have a reference solution, preferably the solution that
is used as sample buffer, to compare the bacteria culture solution to (Caprette, 1996).
Spectrophotometry may also be used to find DNA concentration in a solution. For this, specific
instruments are used (e.g. Nanodrop) ("Protein assay technical handbook,").

3.2.1.5 Transformation of E. coli
Transformation is the process in which foreign DNA is taken up by a bacterium. The process
was first demonstrated by Griffith in 1928 in Streptococcus pneunomonia (Griffith, 1928). For
transformation to be successful, the bacteria need to be competent. That the bacteria is competent
means that it is able to take up the foreign DNA introduced to it at a high, preferably as close to
100% uptake as possible, degree. The principal behind developing competent cells is bacteria is
grown overnight and pelletized, re-suspended in method specific solution and frozen down
(Chan, Verma, Lane, & Gan, 2013). The competent bacteria can be developed by different
methods, some of them being Hanahan’s method (Hanahan, 1983), the DMSO method (Chung &
Miller, 1988), and the CaCl2 method (Mandel & Higa, 1970). For all these methods, the bacteria
is re-suspended in method specific medium and frozen at -80C. For the transformation,
competent cells are mixed with plasmid and kept on ice. For most transformation methods, the
cells are then heat-shocked for some seconds before taken back to ice (Chan et al., 2013). DNA
is negatively charged, and are not able to enter most bacteria without some help. By shocking the
bacteria cells with heat for a few seconds, their membrane is disrupted, and DNA may freely
enter the cells (Panja, Saha, Jana, & Basu, 2006). Heat-shock is not used in the DMSO method.
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Appropriate growing media (e.g. SOC), which is rich in nutrients and without antibiotics so that
the bacteria recovers, is then added to the suspension before growing at 37C for 1 hour and
plated on appropriate agar plates (Chan et al., 2013). Appropriate agar plates are rich in nutrients
to favor growth, and contain antibiotics (e.g. kanamycin or ampicillin) in which the transformed
bacteria are resistant to. Antibiotics are widely used to avoid the growth of other bacteria which
may have contaminated the transformed bacteria.

3.2.1.5.1 Protocol
From LR reaction (described later), 1 L mutagenesis mixture containing plasmid was added to a
15 mL tube and carefully added 15 L autoclaved H2O and 50 L competent cells (E. coli
DH5) from freezer. The tube was kept 20 minutes on ice, thereafter 2 minutes in a warm bath at
37C. the tube was then brought back on ice, and added 250 L SOC. After 1 hour at 37C with
shaking, 150 L of the solution was plated on agar plates containing either kanamycin (for
pDONR vectors) or ampicillin (for other vectors).

3.2.1.6 Measuring Protein Concentration
Knowing the protein concentration is very often necessary when using a protein in experiments.
There are many different methods (copper-based total protein assays, dye-based total protein
assays, fluorescence-based protein detection and other specialty assays) to obtain the protein
concentration, and the method is chosen from what experimental procedure the protein is going
to be used in. The protein concentration may be obtained by either a UV-Vis spectrophotometer
for colorimetric-based assays or a fluorometer for fluorescence-based assays (e.g. Nanodrop)
("Protein assay technical handbook,").

3.3 GST Pulldown
3.3.1 In vitro protein-protein interaction assay
Protein-protein interactions are often analyzed in vitro to see if there is a direct binding, before
performing a binding experiment in vivo where also indirect interactions may be detected. The
first step is often to express and purify the protein from a chosen bacterium, normally E. coli.
The purification of the protein may be performed by different methods depending on the further
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use of the purified protein and the researcher doing the purification. One method is by cation
exchange and gel filtration chromatography (Coyle, Qamar, Rajashankar, & Nikolov, 2002). E.
coli expressing the protein of interest are lysed in an appropriate buffer and the lysate bound to
sepharose beads. When a protein is bound to sepharose beads, proteins in GST vector may be
washed without losing the protein. This is an affinity-based method; GST protein from S.
japonicum is binding with high affinity to the tripeptide glutathione which is covalently bound to
the sepharose beads. The beads are not soluble, and only proteins bound to sepharose beads will
be left after thoroughly washing. The next stage will then be to perform a binding experiment
including the bound protein and another protein or proteins. One method is to perform an in vitro
transcription and translation of the protein of interest, including a marker to later detect the
protein, and add it to bound proteins. A second method is to use extracts from cells transfected
with expression vector for the protein of interest, and thereafter bind to proteins bound to beads
(Schafer, Seip, Maertens, Block, & Kubicek, 2015). A third method is to detect binding of
endogenous from cell extracts using GST pulldown and Western blot detection of the protein of
interest.

At last, the binding between the autophagy-related protein and the other protein can be visualized
using different methods, depending on the method used for binding. Common is the use of gel
electrophoresis (SDS-PAGE, Davidson college). After the gel electrophoresis, if the protein of
interest is radioactively labeled, the gel may be dried, incubated with a film to detect
radioactivity and visualized in a proper machine. Another way to visualize the binding is to
perform western blotting, where antibodies specific to tag or protein of interest are used (Bjørkøy
et al., 2009).

3.3.2 Expression and Purification of GST-fusion Proteins from E. coli
From single colonies on agar plates with ampicillin, overnight cultures of pDest15-GST control,
pDest15-LC3A, pDest15-LC3B, pDest15-LC3C, pDest15-GABARAP, pDest15-GABARAPL1
and pDest15-GABARAPL2, were made in 5 mL LB broth containing ampicillin. The overnight
cultures were then transferred to bottles containing 100 mL 2x YT broth also containing
ampicillin, and grown until OD600 was between 0,5 and 0,9. The still growing cultures were then
grown at room temperature for approximately 4 hours after addition of IPTG (0,5 mM) to

40

optimize the protein growth. To pelletize the cultures, they were transferred to centrifuge bottles
fitted for Sorvall GSA rotor and kept on ice for some minutes; Centrifugation setting to 10
minutes at 5000 rpm 4C. Each pellet was re-suspended in 4 mL ice-cold lysis buffer added 1
mM DTT and 10 mg/mL lysozyme. While the suspensions were kept on ice for 20 minutes, they
were transferred to tubes that tolerate freezing at -70C. Three cryon tubes were used for each
suspension, containing approximately 1,5 mL of the suspension, and added 150 L 10% TritonX100 diluted in dH2O and mixed gently.

The next day, one lysate from each of the triplets were sonicated (40 seconds on, 10 seconds off,
40% amplitude) and transferred to 2 mL collection tubes. To pelletize the lysate, they were
centrifuged 10 minutes (4C) at high speed in a microcentrifuge. To bind the proteins to GST
beads, the supernatant from the lysates were added to 200 L washed GST beads (in a 50%
solution with NET-N), and placed 1 hour in a rotating wheel at 4C. Now, the beads should have
bound the protein in the solution. Washing three times with NET-N buffer would wash away
everything that did not bind to the GST beads to get pure proteins bound to beads. To check if
the beads and ATG8s had bound, SDS-PAGE gel electrophoresis was performed. In preparation
of SDS-PAGE, 10 L beads with GST fusion protein (50% solution) was added 10 L 2x gel
loading buffer with 20% 1M DTT, boiled for 5-10 minutes and spun down. Beads with proteins
in a 50% solution with NET-N buffer were kept in the fridge until needed.

3.3.3 In vitro transcription and translation
To tag a protein to make it possible to detect this exact protein later on for in vitro experiments
different methods may be used, and many different kits have been developed for this purpose.
We have chosen to use the TNT® Coupled Reticulocyte Lysate Systems which is a coupled
transcription/translation system for eukaryotic cell-free protein expression. The kit contains
TNT® Rabbit Reticulocyte lysate, TNT® Reaction buffer, Amino Acid Mixture (Minus
Methionine), 35S methionine, and TNT® T7 RNA Polymerase ("TNT(R) Coupled Reticulocyte
Lysate Systems,"). T7 RNA polymerase is a DNA-dependent polymerase, and have a high
specificity for its promoter; the T7 promoter. The lysate contains cellular components that are
necessary for protein synthesis (e.g. tRNA, ribosomes, amino acids, and initiation, elongation
and termination factors). Supplying the translation mix with amino acids is crucial for translation
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of the transcribed RNA, and by using an amino acid mixture without methionine, the radioactive
35

S-labeled methionine can be used to detect the protein of interest (Sundquist, 2006).

To produce in vitro translated proteins, TNT® T7 Coupled Reticulocyte Lysate System kit was
used. 10 L of in vitro translated proteins were to be used in each pulldown and 3 L of the
proteins were to be used as an indicator for percentage binding of the in vitro translated proteins.
This meant that 73 L assay buffer was needed when seven pulldowns were to be performed.
The amount and materials used were calculated from 1 rx, which is shown in Table 25.

Table 25: 1 rx assay buffer for GST pulldowns. To tag the wanted protein with a radioactive tag and bind the
protein to GST beads, an assay buffer was made with these different components.

Name

Amount

TNT Rabbit Reticulocyte Lysate (RTL)

25 L

TNT buffer

2 L

aaMix-Met

1 L

S35

1 L

TNT polymerase

1 L

DNA

1 g

DNA/H2O

18 L

SUM

49 L

The mix was then incubated in a heat block at 30C for 90 minutes.

3.3.4 GST-Pulldown Binding Reaction
3 L of the in vitro translation mix was placed in an empty Eppendorf tube and added 15 L 5x
SDS loading buffer in NET-N buffer added 10% 1 M DTT, boiled, spun down and frozen for use
as input. The rest of the mix was then added 100 L NET-N buffer with protease inhibitors for
each pulldown and 10 L empty GST beads, and incubated for 30 minutes at 4C in a rotating
wheel. This was done to avoid nonspecific binding to GST beads later on. To ensure equal
amounts of the various GST-fusion proteins in the binding assays, the purified GST-fusion
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proteins on beads were run on a test gel. From this gel, 1-10 L of GST-fusion proteins were
added empty beads to a total of 10 L in a 50% solution, and washed twice with NET-N buffer
(supernatant removed after last wash). For the pulldowns, the supernatant (100 L) from the
precleared in vitro translated protein was added to the designated GST-protein beads, and
incubated for 1 hour at 4C and rotation for binding.

After the binding reaction, the beads were washed 5 times with NET-N buffer. In between the
washing, the beads were centrifuged at 2500 rpm for one minute to gather the beads at the
bottom of the tubes. After the last wash, the buffer was removed in total. The beads were then
added a mixture of 10 L 5x loading buffer in NET-N buffer with 10% 1 M DTT, and boiled for
a minimum of 5 minutes to elute the proteins from beads.

3.3.5 Detection of Protein-Protein Interaction
The eluted proteins were separated by SDS PAGE. After gel electrophoresis, the gel stained with
Coomassie Blue to detect GST-fusion proteins. The gel was afterwards dried I a gel dryer
(BioRad, model 583) and viewed through an autoradiograph (phosphoimaging) to detect
radioactive labelled proteins. In this thesis, the Fuji s BAS-5000 from Fujifilm Life Science was
used. this is a phosphor imaging system which uses a confocal laser and light-collecting optics to
capture radioactivity ("Fujifilm BAS-5000 from FUJIFILM Life Science,").

3.3.6 LR Reaction
3.3.6.1 Gateway Cloning Technology
Gateway cloning technology is a cloning method that allows the transfer of a DNA sequence
(usually cDNA of the protein of interest) from a donor vector to different expression vectors by
site-specific DNA recombination. The method is based on the bacteriophage  in E. coli and its
high specificity in integration and excision in and out of the bacteria DNA. By using two
different enzyme mixes, two different reactions may be performed; BP reaction and LR reaction
(Reece-Hoyes & Walhout, 2018).

43

LR reaction uses a mix of phage lambda integrase, E. coli integration host factor, and lambda
exisionase to recombine attL and attR sites to create attB and attP sites. The four att sites have a
core recognition region approximately 25 base-pairs long, with “arms” in both, one or none on
(each) side of this recognition region. The “arms” are the site in which the specific
recombination enzymes recognize and interact. In all recognition region, there is a 7 base-pair
long asymmetrical overlap, in which the DNA is cut and rejoined. The products of a LR reaction
are two plasmids, one that is kanamycin resistant with the toxic ccdB gene and one that is
ampicillin resistant. The cDNA of interest is between the two attL sites, and ends up in between
the two attB sites in the expression clone. Examples of plasmids containing attR sites are
illustrated in Figure 11.

A

B

C

Figure 11: Map over three plasmids containing attR sites. pDestmCherry-EYFP (A), pDestmyc (B) and
pDestEGFP are plasmids containing attR sites.

If pDONR TRIM31 (attL) is recombined with pDestmyc (attR), two new plasmids are made;
pDestmyc-TRIM31 (attB) and pDONR containing a toxic gene (attP). The new functional
plasmid (pDestmyc-TRIM31) will then be the size of pDestmyc without the sequence in between
of attR sites (5600 bp) and size of TRIM31 (1272 bp).

By plating the bacteria with the new vectors on agar plates containing one of these antibiotics,
only one of them will survive and grow. Thereby, only the bacteria with the properties of interest
will grow and can be studied (Reece-Hoyes & Walhout, 2018).
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3.3.6.2 Protocol
To transfer a cDNA insert to another vector, the method of LR reaction is used. The prepared
plasmid (50-150 g/L) of interest was mixed added 150 g/L of the vector and rest up to 8 L
TE-buffer. To start the reaction, 1 L LR clonase II enzyme was added to the mix and left in
room temperature. After one hour, the reaction was stopped with 1 L proteinase K solution and
incubated at 37C for 10 minutes. To transfer the cDNA inserts with the new vector into bacteria,
they were added 50 L competent cells (E. coli DH5) and left on ice for 20-30 minutes, heat
shocked for 2 minutes at 37C and added 250 L SOC-media. For transfection into the new
competent cells, the mix was incubated for additional one hour at 37C with shaking and 150 L
was plated on agar plates containing antibiotics. Preparation of plasmids from single colonies as
described in “Preparation of Plasmids” were performed and protein concentration was measured
for further use in experiments.

3.3.7 Site-Directed Mutagenesis and DNA Sequencing
To alter, mutate, the DNA sequence has been a useful technique in biological research. By
mutating specific cDNA sequences in plasmids, the properties of specific sites and domains in
the protein may be studied. One method of site-directed mutagenesis is to first run a polymerase
chain reaction (PCR) (Carrigan, Ballar, & Tuzmen, 2011). PCR was first developed and
discovered by Mullis in 1983 (Mullis et al., 1986), and is a method to amplify a specific
sequence or plasmid through temperature specific cycles (Figure 12) (Saiki et al., 1985).
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Figure 12: Schematic of one cycle of polymerase chain reaction (PCR) with its components. PCR components
are the DNA sample, primers, nucleotides, Taq polymerase and a mix buffer, mixed in a PRC tube. Inside the
thermal cycler, the DNA is denatured at 95C, and the strands are separated. The second step, annealing, happens at
55C and the primers bind template. The temperature is then increased to 72C where the synthesizing of the new
strand happens. Figure is reprinted from ("PCR,").

The temperature and number of cycles may be adjusted to the sequence of interest. Parental
DNA is then removed by a restriction enzyme, and transferred into competent cells (Carrigan et
al., 2011).

3.3.7.1 Restriction-Enzyme Cutting
Restriction enzymes are defined by which DNA sequence they recognize and cut (Dryden,
2013). The enzymes are divided into four groups (I, II, III and IV) (Roberts et al., 2003).
Restriction enzymes cleave double stranded DNA and leave blunt or staggered 5´ and 3´ ends
with overhangs in the DNA-strands. Since, restriction enzymes recognize and cleave DNA at
specific sites, different enzymes are used in different experimental procedures. Which restriction
enzyme to use is also dependent on the DNA and where the cleavage is wanted (Shang et al.,
2014).
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In this thesis, the restriction enzyme DpnI which targets methylated or hemimethylated DNA
sequences in parental DNA (Carrigan et al., 2011; J. Li et al., 2008) was used in site directed
mutagenesis.

3.3.7.2 Protocol
For each wanted mutation, 5 L 10x Pfu reaction buffer, 20 ng template DNA, 125 ng of each of
the ordered oligos for the mutation, 1 L dNTP mix (10 M), 1 L Pfu DNA polymerase (2,5
U/L) and dH2O until 50 L were mixed in PCR tubes. Mutagenesis were then performed by
running the PCR tubes in a PCR machine with settings:
Cycles

Temperature

Time

1

95C

30 sec

16-18

95C

30 sec

55C

1 min

68C

2 min/kb

After the PCR reaction, Dpn1 were added, and the tubes were left in warm bath (37C) for one
hour. The reaction mix was then transformed into competent E. coli cells (DH5). Thereafter,
the cells were grown in SOC medium and plated on proper agar plates. To identify plasmids with
correct mutation, mutation target sequence was investigated by DNA sequencing.

3.3.7.3 Protocol for DNA Sequencing
Purified plasmids (200-500 ng) were mixed with 1 L BigDye, 2 L primer (10 M) and dH2O
to a final volume of 10 L. PCR tubes with this mix were then run on the sequencing program on
a PCR machine with these settings:
Cycles

Temperature

Time

1

96C

1 min

34

96C

30 sec

50C

15 sec

60C

4 min

PCR tubes were then delivered for sequencing at the DNA sequencing facility at UiT.
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3.3.8 Culturing and Transfection of Mammalian Cells
3.3.8.1 HeLa Cells
HeLa cells are originally obtained from a cervical biopsy of Henrietta Lacks in 1951. This is also
the cause of the name; by putting the two first letters of Henrietta Lacks first and last name you
get “HeLa”. HeLa cells were the first cancer cells to be grown outside of the body, which made
these cells so important. The cells grew and proliferated, and are seen as an immortal cell line
(Lucey, Nelson-Rees, & Hutchins, 2009).

3.3.8.2 Culture Conditions – Maintenance and Handling of Mammalian Cells
The tissue culture medium is of great importance for maintenance of mammalian cells. Different
laboratories have chosen different medium for the culturing (e.g DMEM with 10% FBS,
streptomycin and penicillin) that provides nutrients for the growing cells and inhibit
contamination (Phelan, 2007). Nutrients needed in a culturing medium for mammalian cells is
the twelve essential amino acids, monosaccharides, vitamins (e.g biotin, folate), inorganic ions
(e.g sodium, potassium) and trace elements (e.g molybdenum, vanadium) (Z. Yang & Xiong,
2012). Different mammalian cells need different kind of culturing medium. It is important that
everything that is used in the handling and maintenance of the cells are sterile, which in some
cases means autoclaved. The media used in maintenance of the cells can have an indicator which
changes color when pH changes. As the cells grow and reach a high confluency on the surface of
the culture flask, they have to be sub-cultured or passaged to avoid reduced mitotic index and
cell death. For most mammalian cells, the optimal pH lies between 7.2 and 7.4, and buffers are
preferably used in the culturing medium to avoid big pH changes. Even if many use FBS to
supply culturing cells with nutrients, other animal serum or serum-free medium are in use. The
cultured mammalian cells are incubated in a humidified 37C, 5% CO2 incubator, unless
otherwise is specified (Phelan, 2007).

3.3.8.3 Splitting of Cells (Cell Passage)
The HeLa cells are immortal, and will grow on some surfaces, e.g plastic bottle surfaces. One of
the things that can stop them from multiplying is lack of space. So when the confluence is
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between 70% and 80%, they have to be split. To avoid contamination, the cells has to be handled
in a biological safety cabinet. The media over the cells were first removed, and the cells were
washed with PBS to be sure that the old culture media was properly removed. To this point, it
has been important to be careful not to disturb the cells. Then, to separate the cells from each
other and from the surface, 0,5 mL (NuncTM EasYFlaskTM 25 cm2 NucleonTM Delta Surface) or 1
mL (NuncTM EasYFlaskTM 75 cm2 NucleonTM Delta Surface) trypsin was added directly at the
cells, and the cells were incubated at 37C (because trypsin works best at this temperature) until
the cells had detached from the flask surface and each other. In the meantime, complete media
(DMEM with 10% FBS, streptomycin and penicillin) were added to empty culture bottles. After
incubation, complete media were added to deactivate the trypsin and avoid further destroying of
the HeLa cells. Here, it was important to make a homogenous solution to have the cells evenly
distributed in the solution. Appropriate amount of the homogenous solution was placed into the
culture bottles containing complete media (e.g 2:10 and/or 3:10 dilutions) for continuing the
culture or for counting and seeding out for experiments. All the media used in splitting of the
HeLa cells were pre-warmed to either room temperature or 37C.

3.3.8.4 Cell Counting
A few microliters of the cell suspension were taken up in a pipette, and the solution placed under
the coverglass over the haemocytometer. The haemocytometer was placed under a microscope
under 10x objective and 10x ocular. The haemocytometer is divided in many squares (illustrated
in Figure 13 A), and the number of cells within sixteen of these squares x104 gives the number of
cells per mL in the corresponding solution of cells.
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A

B

Figure 13: Burkes heamocytometer. A: The big square of heamocytometer, marked with circle, have 25 smaller
squares. B Enlargement of one of the 25 small squares from A ("Cell counting using a Haemocytometer,"). Pictures
are reprinted with permission.

3.3.8.5 Protocol
HeLa cells and HeLa ATG7 KO (knock out) cells were used in this experiment. 24-well dishes
were used, and each well were added one coverslip. The wells containing coverslips were then
sterilized with ethanol and coated with fibronectin (1:200) to optimize binding of cells. For this,
2 mL PBS, added to each well and added 20 L fibronectin, and left in room temperature for 20
minutes. 300 000 cells were seeded in each well of the 24-well dish, with 0,5 mL full medium.
The next day the cells were transfected using 50 L DNA mix (DMEM with 1 L transit LT1
and 200 ng DNA) to 0,5 mL new media without antibiotics .(Table 26). One day later the cells
were observed in a fluorescence microscope to determine if the transfection was successful. 22
hours or 46 hours after transfection, the media were changed, and cells in some wells were
starved or starved in 0,5 mL HBSS or 0,5 mL HBSS with 200 nM Bafilomycin A1 (Baf):
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Table 26: Half of a 24-well dish with indicated treatments of HeLa and HeLa ATG7 knock out cells. Each of
the empty spaces indicate a well, whereas half of the wells contained HeLa cells and the other half contained HeLa
ATG7 KO cells. Each well was thereafter transfected with indicated plasmid, and treated as indicated after
successful transfection.

Protein expression
construct

Full media

Starvation

HBSS + Baf (200

media

nM)

(HBSS)
pDestmCherryYFP
pDestmCherryEYFP TRIM23
pDestmCherryEYFP TRIM31
pDestmCherryEYFP p62

3.3.8.6 Fixation and Mounting of Cells for Confocal Fluorescence Microscopy
After washing with ice cold PBS, 0,5 mL 4% PFA was added for fixation and incubated in room
temperature for 10 minutes. The wells were thereafter washed twice with PBS and stained with
DAPI for 10 minutes to make the nucleus visible in the microscope. For this, each well was
added 0,5 mL of diluted DAPI in PBS (1:4000). After this, the cells were again washed twice
with PBS. Now, the coverglasses were ready to be mounted on coverslips for microscopy. 10 L
Mowiol* were dripped on the coverslips and the coverglass placed on the drop with the cells
facing the Mowiol. Coverslips with attached coverglasses were covered to avoid light from
affecting the fluorescence and placed in 4C over night to dry. The cells were analyzed using a
LSM780 Zeiss confocal fluorescence microscope.

To investigate co-localization between TRIM31 and the ATG8s, cells were transfected with
expression constructs for both TRIM31 and LC3A/LC3B/GABARAP. The conditions used were
full medium, starvation medium (HBSS) and full medium with 200 nM Baf.
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* Mowiol solution is made by first adding 6 g Glycerol to a 50 mL disposable conical centrifuge tube, and thereby
adding 2.4 g Mowiol. The mixture is stirred and added 6 mL dH2O. After incubation for 2 hours at room
temperature, 12 mL 0.2 M Tris pH 8.5 is added, and incubated at approximately 53C until Mowiol has dissolved.
The mixture was stirred occasionally during this incubation. Thereafter, the mixture was clarified by cetrifugation at
4000-5000 rpm for 20 minutes, and transferred into Eppendorf tubes. Mowiol may now be stored at -20C for 12
months or at room temperature for one month.

3.3.9 Transfection and analyzing with confocal microscopy
3.3.9.1 Confocal fluorescence Microscopy
Marvin Minsky was the one that originally developed confocal microscopy in the mid 1950s
(Minsky, 1988), but the first mechanically scanned image of a cell was not obtained before
David Eggers work in 1973 (Davidovits & Egger, 1973). Since then, the confocal microscope
has developed into the many we have today. Confocal fluorescence microscopes send light to the
specimen in different wavelengths in which excite the fluorophores in the specimen. The
fluorophores will then emit fluorescent light and be visible in the microscope. In biological
analyzing methods, fluorophores are much used to stain cells and tissues for detection in for
example a confocal fluorescence microscope where the specimen (e.g. cells, tissues or protein) is
visualized (Thooft, Cassaidy, & VanVeller, 2017). To do this, fluorophores are transfected into
living cells directly or proteins containing fluorophores are transfected into the cells. In this
manner, the fluorophores are fluorescence tag (e.g. GFP or mCherry). By altering fluorophores,
more fluorescence tags are being made (Thooft et al., 2017).

In this thesis, a confocal fluorescence microscope from Zeiss was used to detect fluorescent
tagged TRIM23, TRIM31 and ATG8s.

3.3.9.2 Co-localization assay
Transfection, fixation and mounting of cells for confocal fluorescence microscope was
performed as described under “3.3.8.5 Protocol” and “3.3.8.6 Fixation and Mounting of Cells for
Confocal Fluorescence Microscopy”. To investigate co-localization between TRIM31 and the
ATG8s, cells were transfected with expression constructs for both TRIM31 and
LC3A/LC3B/GABARAP. The conditions used were full medium, starvation medium (HBSS)
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and full medium with 200 nM Baf. 24 hours after transfection the cells were fixated and mounted
for confocal fluorescence microscopy.

3.3.10 Western Blot
Western Blot method was first presented by Towbin et al (Towbin, Staehelin, & Gordon, 1979).
The method derived from the DNA (Southern) Blotting and RNA (Northern) Blotting, and is for
the transfer of proteins from a SDS polyacrylamide gel to an adsorbent membrane (Kurien &
Scofield, 2006). Because of the use of antibodies, the method is also called immunoblot. The
antibody is used to detect its specific antigen on the membrane, and bind to it. This make it
possible, and rather easy, to detect the chosen protein in a large mixture of different proteins. A
blocking buffer is used to prevent the unspecific binding of antibodies to the membrane. Also,
two antibodies are added to the membrane. The first antibody (primary antibody) is the specific
one and work as an anchor for the secondary antibody, which is conjugated to the enzyme Horse
Raddish Peroxidase (HRP). By adding the HRP substrate light is produced as a byproduct from
the reaction. This light can be detected by luminescent image machines ("Overview of Western
Blotting,") and in this way, specific proteins can be detected on the membrane.

3.3.10.1 Protocol
3.3.10.1.1 Transfection of Cells for Western Blot
Before transferring cells to the dish, the wells were coated with fibronectin to ensure that the
cells were properly attached. 2 mL PBS with 20 L fibronectin (Sigma) was added to each dish,
and incubated in room temperature for approximately 30 minutes. 300 000 cells were then added
to the dishes with DMEM added 10% fetal bovine serum and antibiotics, and grown overnight in
37C, 5% CO2. One 60 x 15 mm dish for each pulldown was made. When the cells reached a 7080% confluency, they were transfected. To transfect the cells, two tubes were made for each
dish; one with 300 L DMEM with serum and 3 g of the selected DNA, and the other with 300
L DMEM with serum and 4 L Metafectene pro. The two mixes were then mixed together and
left in room temperature for 20 minutes. The media on the cells were changed to media without
antibiotics and added 600 L of the DNA/Metafectene mix and incubated overnight.
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3.3.10.1.2 Western Blotting
The beads from the binding reaction were added SDS-loading buffer with 20% DTT and the
bound proteins were separated by SDS-PAGE and transferred to a membrane. After successfully
transferring the proteins to the membrane, the membrane was stained with Ponceau S to visualize
the amount of loaded proteins. After taking a picture of the membrane, the staining was removed
by washing with PBS-T and thereafter blocked with 5% nonfat-dry milk to avoid unwanted
binding with antibodies. The membrane was then transferred to a new tube with primary
antibody specific to the proteins or their tag diluted in PBS-T, and incubated in 4C overnight
with rotation. To remove excessive antibody, the membrane was washed in PBS-T. The
membrane was incubated in room temperature with rotation for 1 hour with secondary antibodies
diluted in PBS-T and washed for at least 15 minutes with PBS-T (changed at least 4 times). The
protein-bands on the membrane where then visualized by staining with SuperSignalTM West
Femto Maximum Sensitivity kit from Thermo Scientific and detected with an imager
(ImageQuantTM LAS 4000 from GE Healthcare).

3.3.10.2 Western Blot of Transfected Cells for Degradation Measurements
300 000 cells were seeded out in each well of a 6-well dish. The cells were grown overnight in
DMEM with 10% FBS at 37C and 5% CO2. To transfect the cells, two tubes were made for
each dish; one with 300 L DMEM with serum and 3 g of the selected DNA, and the other with
300 L DMEM with serum and 4 L Metafectene pro. The two mixes were then mixed together
and left in room temperature for 20 minutes. The media on the cells were changed to media
without antibiotics and added 600 L of the DNA/Metafectene mix and incubated overnight. The
next day, the cells were treated as indicated in Table 27.

Table 27: 6-well dish with indicated treatment for HeLa cells transfected with expression constructs for GFPTRIM23 or GFP-TRIM31.

Full medium

Full medium with Baf

Full medium with MG132

HBSS 2-4h

HBSS with Baf 2-4h

HBSS with MG132 2-4h
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After treatments (Table 27), the cells were washed with PBS. The cells were thereafter harvested
in 40 L 2x SDS gel loading buffer with 100 mM DTT, boiled, spun down, and separated by
SDS-PAGE before Western blotting as described above. An antibody against GFP was used as
primary antibody to detect the GFP-fusion proteins.
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4 Results
4.1 cDNAs Encoding TRIM23 and TRIM31 were Successfully Transferred into Expression
Vectors
To use the TRIM31 cDNA to analyze binding of TRIM31 to ATG8 family proteins, colocalization in cells and lysosomal degradation, Gateway LR reactions were used to generate
pDestmyc TRIM31, pDestEGFP TRIM31 and pDestmCherry-EYFP TRIM31 (see Figure 11).
Table 28 lists the pDONOR plasmids and the resultant pDest(ination) plasmids. The calculated
sizes of the various established plasmids are; pDestmCherry-EYFP (5300 bp), pDestmCherryEGFP TRIM31 (6700 bp), pDestEGFP (6200 bp), pDestEGFP TRIM31 (5600
bp),pDestEGFP TRIM31 LIR2 mutant (5600 bp),pDestEGFP TRIM31 LIR1/LIR2 mutant
(5600 bp), pDestmyc (7100 bp), pDestmyc TRIM23 (7400 bp), pDestmyc TRIM31 (7000
bp), pDestmyc TRIM31 LIR1/LIR2 mutant (7000 bp), pDestmyc TRIM31 LIR1/LIR2 mutant
(7000 bp). Establishment of correct plasmids was verified by agarose gel electrophoresis
(Figure 14).

Table 28: LR reaction to make pDest(ination) clones.

LR reaction

pDest(ination) plasmids

pDONR221 TRIM31 fusion + pDestmyc

pDestmyc TRIM31

pDONR221 TRIM31 fusion + pDestmCherry-

pDestmCherry-EYFP TRIM31

EYFP

pDestEGFP TRIM31

pDONR221 TRIM31 fusion + pDestEGFP
pDONR221 TRIM31 LIR2 mutant + pDestmyc

pDestmyc TRIM31 LIR2 mutant

pDONR221 TRIM31 LIR2 mutant + pDestEGFP

pDestEGFP TRIM31 LIR2 mutant

pDONR221 TRIM31 LIR1/LIR2 mutant +

pDestmyc TRIM31 LIR1/LIR2 mutant

pDestmyc
pDONR221 TRIM31 LIR1/LIR2 mutant +

pDestEGFP TRIM31 LIR1/LIR2 mutant

pDestEGFP
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Figure 14: Agarose gel electrophoresis (0.7%) of various TRIM31 pDest(ination) vectors. Some plasmids were
made previously to this thesis; pDestmCherry-EYFP, pDestEGFP, pDestmyc and pDestmyc TRIM23. The size of
the plasmids must be compared to the other plasmids and not the ladder. The 0.7% agarose gel show the expected
size of plasmids compared to each other.

Plasmids are double-stranded, circular DNA molecules and the ladder is linear DNA fragments.
The ladder is therefore not an indicator of the specific size of the pDest vectors. Rather, the
plasmids were compared to each other, and LR reactions were determined to be successful.

4.2 ATG8s were Successfully Expressed and Purified from E. coli
Here, the interactions between ATG8s and TRIM23 and TRIM31 were to be studied. N-terminal
GST fusions of the six human ATG8 family proteins LC3A, LC3B, LC3C, GABARAP,
GABARAPL1 and GABARAPL2 were therefore expressed using an E. coli expression vector.
Lysates of the E.coli expressing the various ATG8s were sonicated and bound to GST beads, and
the GST-ATG8s purified by repeated washing steps. SDS-PAGE gel electrophoresis showed that
the ATG8s were successfully expressed and purified (Figure 15). The gel electrophoresis with
GST and GST-ATG8 fusion proteins show that the proteins are relatively pure with low levels of
other bands seen on the coomassie-stained gel. From the intensity of the bands, the amounts used
in GST pulldown were adjusted.
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Figure 15: ATG8s were successfully expressed and purified from E. coli. SDS-PAGE gel electrophoresis (10%)
with GST (empty vector) and GST-ATG8s were run. The same amount of 50% solution beads was loaded in each
well lysed in 10 L 2x gel loading buffer with 20% 1 M DTT.

4.3 TRIM23 binds weakly to the ATG8s
Before the start of this thesis work, a peptide array scan had been performed in our group
(Molecular Cancer Research Group; MCRG) (G. Evjen and T. Johansen, unpublished data)
(Figure 16) identifying a potential LIR motif in TRIM23 binding to GST-GABARAP. In the
peptide array, 20-amino acids long peptides corresponding to the entire amino acid sequence of
the protein of interest are spotted on a membrane with each peptide moved a window of 3 amino
acids relative to the previous peptide. This way a “peptide walk” is performed where the entire
amino acid sequence is covered from the N-terminal end to the C terminus (Johansen et al.,
2017). As shown in Figure 16, 5 consecutive peptides gave a positive signal on the array defining
the core LIR motif as FVCL. The aromatic position in LIR that binds to the HP (hydrophobic) 1
pocket usually has a tryptophan (W) or a phenylalanine (F) for most proteins, and a few proteins
have tyrosine (Y). As the general rule, the consensus of the core LIR motif is
(W/F/Y)XX(L/I/V). Acidic amino acids are often seen just N-terminal to the LIR motif (Alemu
et al., 2012; Birgisdottir et al., 2013). That these peptides turn out positive does not necessarily
mean that the native, folded protein will bind as the motif may be differently exposed or hidden.
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Figure 16: Peptide array scan identified one potential LIR motif in TRIM23. 20-amino acid long peptides
covering the entire peptide sequence are spotted on a membrane, moving three amino acids relative to the previous
peptide. In the end, the entire sequence of the protein has been spotted on the membrane. Recombinant GSTGABARAP is added to the arrays and an antibody to GST is used to detect bound GST-GABARAP. Dark dots
indicate binding, and was detected with anti-GST antibodies. There was found one potential LIR motif in TRIM23
(FVFL) at position 188 to 191.

Therefore, to check if TRIM23 bound any of the mammalian ATG8, GST pulldown was
performed. GST fusions of ATG8s (LC3A-C, GABARAP, GABARAPL1 and GABARAPL2)
were purified and bound to GST beads. The beads were mixed with in vitro translated mycTRIM23 containing a radioactive tag (35S-methionin). Figure 17A shows the result from one
binding assay, which is representative of two independent experiments. Quantification of the
bands on the autoradiogram, shows that TRIM23 binds weakly to the ATG8s and are based on
both experiments. The results show that TRIM23 bind strongest to GABARAP.
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Figure 17: GST Pulldown detected weak binding of GST-ATG8s to myc-TRIM23. The SDS-PAGE gel
electrophoresis and autoradiography (A) and percentage binding normalized to input (B) of binding between
TRIM23 and each of the six different ATG8s are shown. Autoradiogram and quantification shows that there is weak
binding to all ATG8s. The quantifications are based on two individual experiments, and includes the standard
deviation.
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4.4 TRIM31 Binds strongest to GABARAP and GABARAPL1
A peptide array scan had been performed in our group (Molecular Cancer Research Group;
MCRG) (G. Evjen and T. Johansen, unpublished data) (Figure 18) identifying a potential LIR
motif in TRIM31 binding to GST-GABARAP. In the peptide array, 20-amino acids long
peptides are spotted on a membrane with each peptide moved a window of 3 amino acids relative
to the previous peptide until the whole sequence is covered (Johansen et al., 2017). As shown in
Figure 18, 6 consecutive peptides gave a positive signal on the array defining the two core LIR
motifs as FELL and FQFL. As for peptide array explained for TRIM23 above, the consensus of
the LIR domain is (W/F/Y)XX(L/I/V) and binding in a peptide array does not necessarily mean
that the binding will happen in the native, folded protein.

Figure 18: Peptide array scan identified two potential LIR motifs in TRIM31. 20-amino acid long peptides
covering the entire protein sequence are spotted on a membrane, moving three amino acids relative to the previous
peptide. In the end, the entire sequence of the protein has been spotted on the membrane. Recombinant GSTGABARAP is added to the arrays. Dark dots indicate binding, and was detected with anti-GST antibodies. There
was found two potential LIR motifs in TRIM31 (FELL) at position 185 to 155 and (FQFL) 260 to 263.
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Therefore, to determine if TRIM31 bound any of the mammalian ATG8s, GST pulldown assays
were performed. GST fusions of ATG8s (LC3A-C, GABARAP, GABARAPL1 and
GABARAPL2) expressed in E. coli were purified on GST beads. The beads were mixed with in
vitro translated myc-TRIM31 containing a radioactive tag (35S-methionin). Figure 19A shows the
result from one binding assay which is representative of three independent experiments, and
Figure 19B shows the quantification of the bands on the autoradiogram.
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Figure 19: GST Pulldown detect binding of GST-ATG8s to myc-TRIM31. The SDS-PAGE gel electrophoresis
and autoradiography (A) and percentage binding normalized to input (B) of binding between TRIM31 and each of
the six different ATG8s are shown. From the autoradiogram, 35S methionine-tagged TRIM31 was clearly visible,
and quantification shows that there is binding between most ATG8s (LC3A, LC3B, GABARAP, GABARAPL1 and
GABARAPL2) and TRIM31. The quantifications based on three independent experiments, and the graphs show the
mean values with standard deviation.

The results shown in Figure 19, show that there is binding between myc-TRIM31 and all GSTATG8s. Quantitation of the myc-TRIM31 bands in three independent experiments showed that
GABARAP and GABARAPL1 bound strongest.
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Control experiment shows very strong binding of p62 to the ATG8s
From previous research, p62 is known to bind strongly to all ATG8s (Pankiv et al., 2007). p62
was therefore used as a positive control for the GST pulldown assay. Figure 20 shows that in line
with the established litterature, p62 displays strong binding to the ATG8s, which is illustrated in
Figure 20. This result show that TRIM23 and TRIM31 bind with much lower affinity to the
ATG8 proteins than p62. Also, they seem to have a preferance for binding to the GABARAP
subfamily, while p62 binds with strong affinity both to the LC3 and the GABARAP subfamilies.
A
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Figure 20: GST Pulldown detect binding of GST-ATG8s to myc-p62. The SDS-PAGE gel electrophoresis and
autoradiography (A) and percentage binding normalized to input (B) of binding between p62 and each of the six
different ATG8s are shown. From the autoradiogram, 35S methionine-tagged p62 was clearly visible, and
quantification shows that there is binding between all ATG8s and p62. The quantifications are based on one
experiment.

.

4.5 TRIM23 and TRIM31 Binding to GABARAP is LIR Dependent
Both TRIM23 and TRIM31 bound strongest to GABARAP according to GST pulldown results.
To see if the binding of TRIM23 and TRIM31 to ATG8s were LIR-dependent, GABARAP
mutated in its key amino acids in LIR docking site (LDS) (Y49A and F104A) were applied in the
binding reaction (Behrends, Sowa, Gygi, & Harper, 2010). Y49 bind the first amino acid in the
LIR motif, and F104 bind the last amino acid in the core LIR motif. Results are shown in Figure
21 and 22.
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Figure 21: GST pulldown show that binding between GST-GABARAP and myc-TRIM23 is LIR dependent.
The SDS-PAGE gel electrophoresis and autoradiography (A) and percentage binding normalized to input (B) of
binding between TRIM23 and each of the GABARAPs are shown. From the autoradiogram, 35S methionine-tagged
TRIM23 was clearly visible, and quantification shows that there is binding between all three GABARAPs and
TRIM23, and that the binding strength decreases for GABARAP Y49A. The quantifications are based on one
representative experiment.
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Both GABARAP mutants bound weaker to TRIM23 than wild type GABARAP. When adjusted
to the amount of GST-proteins used in the binding reaction, quantitations of the myc-TRIM23
bands showed that the binding was reduced to around 50% when using the mutated GABARAP
compared to wild type GABARAP. This indicates that the interaction of TRIM23 with
GABARAP is LIR dependent.

Next, similar GST-pulldown assays were performed with TRIM31. As displayed in Figure 22,
mutation of Y49 in the LIR binding pocket of GABARAP do not reduce binding, while two
mutations Y49A and F104A reduced the binding to nearly 50% of the binding of the wild type
GABARAP. The Y49A mutation affects binding to the aromatic residue of the LIR motif W/F/Y
to hydrophobic pocket 1 (HP1) in the LDS. The F104A mutation affects binding to HP2 of the
hydrophobic residues L/I/V of the LIR motif. Hence, TRIM31 binding is affected by the HP2
mutation and not the HP1 mutation alone.
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Figure 22: GST pulldown show that binding between GST-GABARAP and myc-TRIM31 is partially LIR
dependent. The SDS-PAGE gel electrophoresis and autoradiography (A) and percentage binding normalized to
input (B) of binding between TRIM31 and each of the GABARAPs are shown. From the autoradiogram, 35S
methionine-tagged myc-TRIM31 was clearly visible, and quantification shows that there is binding between all three
GABARAPs and myc-TRIM31, and that the binding strength decreases for GABARAP Y49A/F104A. The
quantifications are based on two independent experiments.

4.6 Establishment of TRIM31 Constructs with Mutated LIR Motifs
To further investigate if TRIM31 binding to the ATG8s was LIR dependent, two mutants of
TRIM31 were made by site directed mutagenesis; one mutant with a non-functioning LIR2, and
one with both LIRs non-functioning. Knowing the position of the LIR motif in the peptide, a
two-dimensional peptide array scan can be prepared. 18 amino acids including the potential LIR
domain is spotted on a membrane. The wildtype is spotted first to compare binding to. Each
position of the 18-mer peptides is replaced with each of the 19 alternative amino acids, ending up
with having tested all possible point mutations of the 18-mer peptide. The arrays are then probed
with GST-GABARAP, if the first peptide array were tested against GST-GABARAP, and
detected with anti-GST antibodies (Johansen et al., 2017). Then, the potential core LIR
(W/F/Y)XX(L/I/V) can be mutated in the first and last amino acids. Which amino acid that is
replacing these two amino acids is determined based on the peptide array scan and what amino
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acids that made the plasmid lose its ability to bind GST-GABARAP. From our accumulated
knowledge on studying numerous LIR motifs, we routinely mutate the aromatic and the
hydrophobic residues of the core LIR motif W/F/Y XX L/I/V to alanine giving an AXXA motif
(Birgisdottir et al., 2013). To verify mutations, samples of the plasmids were sequenced and the
successful mutations verified.

TRIM31 wild type sequence with highlighted potential LIR motifs are shown in Figure 23 (LIR1
as FELL and LIR two as FQFL.
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531

aagcaaaggatcctcacagaatttgaactcctgcatcaagtcctagaggaggagaagaat
K Q R I L T E F E L L H Q V L E E E K N
591
ttcctgctatcacggatttactggctgggtcatgagggaacggaagcggggaaacactat
F L L S R I Y W L G H E G T E A G K H Y
651
gttgcctccactgagccacagttgaacgatctcaagaagctcgttgattccctgaagacc
V A S T E P Q L N D L K K L V D S L K T
711
aagcagaacatgccacccaggcagctgctggaggatatcaaagtcgtcttgtgcagaagt
K Q N M P P R Q L L E D I K V V L C R S
771
gaagagtttcagtttctcaacccaacccctgttcctctggaactggagaaaaaactcagt
E E F Q F L N P T P V P L E L E K K L S
Figure 23: Sequence of TRIM31 wild type with highlighted potential LIR motifs. From peptide array, two
potential LIR motifs were detected.

To inactivate the LIR motifs, the first and last amino acid in the core motif was mutated to A
(alanine). The planned four mutations in TRIM 31 sequence with highlighted mutated bases and
corresponding amino acid are shown in Figure 24.
531

aagcaaaggatcctcacagaagctgaactcgcgcatcaagtcctagaggaggagaagaat
K Q R I L T E A E L A H Q V L E E E K N
591
ttcctgctatcacggatttactggctgggtcatgagggaacggaagcggggaaacactat
F L L S R I Y W L G H E G T E A G K H Y
651
gttgcctccactgagccacagttgaacgatctcaagaagctcgttgattccctgaagacc
V A S T E P Q L N D L K K L V D S L K T
711
aagcagaacatgccacccaggcagctgctggaggatatcaaagtcgtcttgtgcagaagt
K Q N M P P R Q L L E D I K V V L C R S
771
gaagaggctcagtttgccaacccaacccctgttcctctggaactggagaaaaaactcagt
E E A Q F A N P T P V P L E L E K K L S
Figure 24: Sequence of TRIM31 with mutated LIR1 and LIR2. The first and last amino acid in the core LIRs
changed to alanine are highlighted.

4.6.1 TRIM31 was Successfully Mutated in LIR2
Sequencing results from LIR2 mutation in TRIM31 are shown in Figure 25. Mutated codons and
amino acids are highlighted.
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Figure 25: Sequence of the successfully LIR2 mutated TRIM31. Site-directed mutagenesis was performed to
construct the TRIM31 LIR2 mutant. The first and last amino acid in the core LIR2 motif was mutated to alanine.
Mutated bases and corresponding amino acid are highlighted.

The sequencing results show that the wanted mutations were inserted into pDONR221 TRIM31;
F260A/L263A.

4.6.2 TRIM31 was successfully mutated in LIR1 and LIR2
From TRIM31 mutated in LIR2, site-directed mutagenesis was performed to construct a
TRIM31 mutated in both LIR1 and LIR2. Sequencing results from LIR1/LIR2 mutation in
TRIM31 are shown in Figure 26.
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Figure 26: Sequence of TRIM31 mutated in LIR1 and LIR2. Plasmid from TRIM31 successfully mutated in
LIR2 was used in site-directed mutagenesis to develop a new TRIM31 mutant, deficient in both LIR1 and LIR2. The
first and last bases and corresponding amino acid in the core LIR motif of both LIR1 and LIR2 are highlighted.

DNA sequencing confirmed the mutations in pDONR221 TRIM31; F185A/L188A and
F260A/L263A.

4.7 TRIM31 Binding to LC3A and GABARAP is Dependent on LIR2
After successfully mutating LIR2 and LIR1/LIR2 in TRIM31 and transforming the mutants to
pDestmyc expression vector, a new GST pulldown was done to see if the binding to GST-ATG8s
was LIR dependent. From the two subfamilies of ATG8s, one of each with the strongest binding
according to previous results (GST-LC3A and GST-GABARAP) were tested (Figure 27).
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TRIM31 binding to LC3A and GABARAP is LIR
dependent

% Binding

2

1

0
LC3A
TRIM31 wt

GABARAP
LIR2 mutated

LIR1/LIR2 mutated

Figure 27: GST pulldown show that binding between GST-LC3A/GST-GABARAP and myc-TRIM31 is
mediated by LIR2. The SDS-PAGE gel electrophoresis and autoradiography (A) and percentage binding
normalized to input (B) of binding between TRIM31 and each of the two GST fusion ATG8s (GST-LC3A and GSTGABARAP) are shown. From the autoradiogram, the different 35S methionine-tagged TRIM31 were barely visible,
but quantification shows that there is binding, and that the binding strength decreases in myc-TRIM31 LIR2 mutant
and LIR1/LIR2 mutant. The quantifications are based on one experiment.

Even though the binding of myc-TRIM31 WT was weak, the binding was further reduced when
LIR2 or LIR1/LIR2 was mutated. The change in binding strength from myc-TRIM31 mutated in
LIR2 and myc-TRIM31 mutated in both LIR1 and LIR2 is not significant, suggesting that LIR2
is the main LIR in TRIM31.

4.8 EGFP TRIM31 co-localize with mCherry LC3A, mCherry LC3B and mCherry GABARAP
in HeLa Cells
For further studying the TRIM31 interaction with ATG8s, a co-localization study was
performed. HeLa cells were co-transfected with the plasmids pDestmCherry LC3C or
pDestmCherry GABARAP and pDestEGFP TRIM31. In addition, LC3B was also included
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because of its role as an autophagic marker. The transfected cells were either treated with full
medium to monitor normal conditions, starvation medium to induce autophagy or full medium
with Baf to inhibit basal autophagy. Baf inhibits the fusion between autophagosomes and
lysosomes by inhibiting vacuolar proton ATPase (Yamamoto et al., 1998).

HeLa cells were seeded in a 24-well dish containing coverglasses, and transfected with
pDestmCherry LC3A and pDestEGFP TRIM31 plasmids. 22 hours after transfection, cells were
treated in full medium, starvation medium and full medium with Baf for 2 hours. The
coverglasses containing cells were washed with 1x PBS, fixed with 4% PFA and stained with
DAPI. DAPI stains DNA and thereby gives a blue color to the nucleus and was used to detect all
cells on the coverglass and not only the transfected cells. The results are illustrated in Figure 28,
29 and 30.

mCherry-LC3A

EGFP-TRIM31

Merged

Figure 28: mCherry-LC3A and EGFP-TRIM31 do not co-localize in HeLa cells treated in full medium for 24
hours after transfection. HeLa cells were transfected with pDestmCherry LC3A and pDestEGFP TRIM31 and
cultured in normal growth medium (DMEM with 10% FBS), fixed with 4% PFA, stained with DAPI, mounted to
coverslips and subjected to confocal fluorescence microscopy.
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mCherry-LC3A

EGFP-TRIM31

Merged

Figure 29: mCherry-LC3A and EGFP-TRIM31 co-localize in HeLa cells when the cells were starved for 2
hours. HeLa cells were transfected with pDestmCherry LC3A and pDestEGFP TRIM31 and starved for 2 hours
before they were stained with DAPI and subjected to confocal fluorescence microscopy. One aggregate was found
containing both mCherry-LC3A and EGFP-TRIM31, indicated with a circle.
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mCherry-LC3A

EGFP-TRIM31

Merged

Figure 30: mCherry-LC3A and EGFP-TRIM31 did not co-localize in HeLa cells treated with full medium
with Baf for 2 hours. HeLa cells were transfected with pDestmCherry LC3A and pDestEGFP TRIM31 and treated
in full medium containing Baf. When studied in confocal fluorescence microscopy, no co-localization between
mCherry-LC3A and EGFP-TRIM31 was found.

mCherry-LC3A was overexpressed, present in nucleus as well as in the cytoplasm. EGFPTRIM31 formed aggregates in the cytoplasm. In full-medium LC3A was mainly diffuse and no
clear co-localization with TRIM31 could be observed. However, upon treatment with HBSS,
LC3A formed some dots in the cytoplasm (Figure 29), and some of these dots co-localized with
the EGFP-TRIM31 aggregates.

As described for HeLa cells transfected with pDestmCherry LC3A and pDestEGFP TRIM31,
HeLa cells were seeded in a 24-well dish containing coverglasses. Here, the cells were
transfected with pDestmCherry LC3B and pDestEGFP TRIM31 and treated as described in
different mediums and atined with DAPI. The results are illustrated in Figure 31, 32 and 33.
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mCherry-LC3B

EGFP-TRIM31

Merged

Figure 31: mCherry-LC3B and pDestEGFP-TRIM31 co-localize in HeLa cells treated with full medium.
HeLa cells were transfected with pDestmCherry LC3B and pDestEGFP TRIM31 to express mCherry-LC3B and
EGFP-TRIM31 and identify co-localization. Co-localization is indicated with a circle.

mCherry-LC3B

EGFP-TRIM31

Merged
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Figure 32: mCherry-LC3B and EGFP-TRIM31 co-localized in starved HeLa cells. HeLa cells were transfected
with pDestmCherry LC3B and pDestEGFP TRIM31 and starved for 2 hours. After fixating, staining (with DAPI)
and mounting on coverslips, co-localization between mCherry-LC3B and EGFP-TRIM31 (indicated with a circle)
was found by viewing the cells in a confocal fluorescence microscope.

mCherry-LC3B

EGFP-TRIM31

Merged

Figure 33: mCherry-LC3B and EGFP-TRIM31 co-localize in HeLa cells treated in full medium added Baf.
HeLa cells were transfected with pDestmCherry LC3B and pDestEGFP TRIM31, and treated in full medium with
Baf for 2 hours. Using a confocal fluorescence microscope, co-localizations were found and are indicated in the
figure with circles.

mCherry-LC3B is present in nucleus as well as the cytoplasm. In full medium it is enriched in a
few dots in the cytoplasm, and the amount of dots increases upon starvation. The dots are
autophagosomes, as autophagy are induced by starvation. EGFP-TRIM31 formed aggregates in
the cytoplasm both in full medium and starvation. TRIM31 aggregates were found to co-localize
with LC3B both in full medium and upon starvation.

As described for HeLa cells transfected with pDestmCherry LC3A/B and pDestEGFP TRIM31,
cells were transfected with pDestmCherry GABARAP and pDestEGFP TRIM31 and stained
with DAPI. The results are illustrated in Figure 34, 35 and 36.
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Figure 34: mCherry-GABARAP and EGFP-TRIM31 co-localized in HeLa cells treated in full medium. HeLa
cells were transfected with pDestmCherry GABARAP and pDestEGFP TRIM31 and cultured in normal growth
medium (DMEM with 10% FBS), fixed with 4% PFA, stained with DAPI, mounted to coverslips and subjected to
confocal fluorescence microscopy. Co-localization is indicated with a circle.

79

mCherry-GABARAP
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Figure 35: mCherry GABARAP and EGFP-TRIM31 co-localize upon starvation of HeLa cells. HeLa cells
were transfected with pDestmCherry GABARAP and pDestEGFP TRIM31 to express the proteins mCherryGABARAP and EGFP-TRIM31. The cells were starved for 2 hours. Following the method described for mCherryLC3A and mCherry-LC3B, aggregates containing mCherry-GABARAP and EGFP-TRIM31 were found (indicated
with circles).
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Figure 36: mCherry-GABARAP and EGFP-TRIM31 co-localized in HeLa cells treated with full medium
containing Baf. Upon treatment for 2 hours, the cells were fixed, stained with DAPI and mounted on coverslips for
confocal microscopy where co-localization were observed (indicated with a circle).

Similar to LC3A and LC3B, mCherry GABARAP was present in nucleus as well as the
cytoplasm. Upon starvation, it formed clear cytoplasmic dots. EGFP-TRIM31 formed aggregates
in the cytoplasm, as described above. Interestingly, TRIM31 aggregates co-localized with the
GABARAP dots both in normal and starved conditions. Together with the GST pulldown results,
this suggest that TRIM31 associates with GABARAP.

4.9 TRIM23 and TRIM31 Are Degraded upon Starvation
Proteins involved in autophagy have also been shown in many cases to be degraded with its
cargo (Kimura et al., 2015; Liu et al., 2016). To investigate if TRIM23 and TRIM31 were
degraded by autophagy or the proteasome, HeLa cells were transfected with pDestEGFP
TRIM23 or pDestEGFP TRIM31 and treated with full medium or starvation medium with or
without Baf or MG132 for approximately 3 hours. Autophagy is induced by starvation, and Baf
inhibits autophagy by inhibiting the fusion between autophagosomes and lysosomes by
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inhibiting vacuolar proton ATPase (Yamamoto et al., 1998). MG132 inhibits the proteasome (Ra
et al., 2016). The cell lysate was eluted in 2x SDS loading buffer and separated by gel
electrophoresis, transferred to a membrane and treated with anti-GFP antibodies to detect the
EGFP-TRIM23/31. The protein-bands on the membrane where then visualized and detected as
described in methods. To determine if the same amount of cell lysate was loaded to each well,
the membrane was again blocked and added anti-PCNA (Anti-proliferating cell nuclear antigen
clone PC10) antibody, and secondary antibodies, and staining and detection of bands were again
done. The results are illustrated in Figure 37 and 38.

Figure 37: HeLa cells transfected with pDestEGFP TRIM23 and treated with full medium or starvation
medium with or without Baf or MG132 shows that EGFP-TRIM23 is degraded upon starvation. HeLa cells
were transfected with pDestEGFP TRIM23 and cultured in normal growth medium (DMEM with 10% FBS). The
next day, the cells were treated for 3 hours (full media, full media with Baf, full media with MG132, HBSS, HBSS
with Baf or HBSS with MG132. GFP and PCNA indicates which antibodies were used during wester blotting.
PCNA is a nuclear protein present in all cells and is used as a loading control.
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Un-transfected cells were included in the experiment as a negative control. The amount of
TRIM23 does not vary between full medium, full medium with Baf and full medium with
MG132. When starving the cells, TRIM23 is degraded.

Figure 38: HeLa cells transfected with pDestEGFP TRIM31 and treated with full medium or starvation
medium with or without Baf or MG132 shows that EGFP-TRIM31 is degraded during starvation. HeLa cells
were transfected with pDestEGFP TRIM31 and cultured in normal growth medium (DMEM with 10% FBS). The
next day, the cells were treated for 3 hours (full media, full media with Baf, full media with MG132, HBSS, HBSS
with Baf or HBSS with MG132). GFP and PCNA indicates which antibodies were used during Western blotting.

Un-transfected cells were included in the experiment as a negative control. The amount of
TRIM31 seems to be a little higher in full medium with Baf/MG132 than in full medium alone.
When starving the cells, TRIM31 seems to be degraded, and neither Baf or MG132 seem to
stabilize the protein. This is a pattern that can be seen for proteins that are degraded by both
pathways (Rodriguez-Muela et al., 2018; Schreiber & Peter, 2014; Scotter et al., 2014;
Urushitani, Sato, Bamba, Hisa, & Tooyama, 2010).
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4.10 TRIM23 and TRIM31 Are not Degraded by Autophagy in the Double-Tag Assay
To further study if TRIM23 and TRIM31 were degraded by autophagy, experiments using
pDestmCherry-EYFP TRIMs were performed. One important hallmark of the lysosomes, is that
it has a pH of 5 or lower due to H+ pumps in the membrane (Alberts et al., 2008). This hallmark
can be taken advantage of when using confocal microscopy. While mCherry fusion tags are quite
pH stable, the EGFP or EYFP fusion tags are not. In the acidic lysosomes, the EGFP loses its
fluorescence, while mCherry maintains its fluorescence until it is proteolytically degraded.
Therefore, it is possible to detect degradation of autophagy substrates and autophagy receptors
by the lysosome and thereby monitor autophagy (Bjørkøy et al., 2009; Pankiv et al., 2007).
pDestmCherry-EYFP plasmid was used as a negative control, and pDestmCherry-EYFP p62
plasmid was used as a positive control. After transfection with the respective plasmid, the HeLa
and HeLa ATG7 knock out (KO) cells were treated either in full medium, starvation medium or
starvation medium with Baf. Treatment of the cells was done 2 hours before harvesting; 22 or 46
hours after transfection. The cells were then washed, fixed, stained with DAPI, and mounted in
mowiol on coverslips. HeLa ATG7 KO cells were included to inhibit autophagy; cells without
ATG7 will be deficient in autophagy (Korolchuk, Mansilla, Menzies, & Rubinsztein, 2009).

To see if TRIM23 was degraded by autophagy, pDestmCherry-EYFP TRIM23 was transfected
into HeLa (Figure 39) and HeLa ATG7 knock out (Figure 40) cells.
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Figure 39: mCherry-EYFP TRIM23 is not degraded by autophagy. HeLa cells transfected with pDestmCherryEYFP TRIM23 for 24 (A) and 48 (B) hours and treated with full medium, HBSS or HBSS with Baf for 2 hours,
fixed with 4% PFA, stained with DAPI, mounted to coverslips and subjected to confocal fluorescence microscopy.
No red-only dots were detected.
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Figure 40: mCherry-EYFP TRIM23 is not degraded by autophagy in HeLa ATG7 knock out cells. HeLa
ATG7 knock out cells were transfected with pDestmCherry-EYFP TRIM23 for 24 (A) and 48 (B) hours and treated
as indicated for 2 hours. No-red-only dots were found.

mCherry-EYFP TRIM23 makes aggregates in all treatments of HeLa and HeLa ATG7 knock out
cells, both in cells harvested 24 hours and 48 hours after transfection. No red-only dots were seen
in any treatments.

To further study if TRIM31 was degraded by autophagy, pDestmCherry-EYFP TRIM31 was
transfected into HeLa (Figure 41) and HeLa ATG7 knock out (Figure 42) cells.
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Figure 41: mCherry-EYFP TRIM31 is not degraded by autophagy in HeLa cells. HeLa cells were transfected
with pDestmCherry-EYFP TRIM31 for 24 (A) and 48 (B) hours. Treatments of the HeLa cells are indicated. No
red-only dots were detected when viewing the cells in a confocal fluorescence microscope.
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Figure 42: mCherry-EYFP TRIM31 is not degraded by autophagy in HeLa ATG7 knock out cells. HeLa
ATG7 knock out cells were transfected with pDestmCherry-EYFP TRIM31 to express mCherry-EYFP TRIM23 for
24 (A) and 48 (B) hours. As before, cells were treated for 2 hours as indicated. No red-only aggregates were
detected.

TRIM31 form aggregates, distributed tightly in cytoplasm so TRIM31 look diffusely distributed.
No red-only dots were found for any treatments.

Double-tag is diffusely distributed in the whole cell
pDestmCherry-EYFP was transfected into HeLa (Figure 43) and HeLa ATG7 knock out (Figure
44) cells to express mCherry-EYFP. This is used as a control to determine if the double-tag alone
could contribute to degradation by autophagy.
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Figure 43: mCherry-EYFP is diffuse and distributed in nucleus and cytoplasm in HeLa cells. HeLa cells were
transfected with pDestmCherry-EYFP for 24 (A) and 48 (B) hours and treated with full medium, HBSS or HBSS
with Baf for 2 hours, fixed with 4% PFA, stained with DAPI, mounted to coverslips and subjected to confocal
fluorescence microscopy.
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Figure 44: mCherry-EYFP is diffuse and distributed in nucleus and cytoplasm in HeLa ATG7 knock out
cells. As for HeLa cells, HeLa ATG7 knock out cells were transfected with pDestmCherry-EYFP for 24 (A) and 48
(B) hours and treated as indicated.

mCherry-EYFP is diffusely distributed in the whole cell in all treatments of HeLa ATG7 KO
cells in both the cells harvested after 24 and 48 hours. No red-only dots were detected.

p62 assembles in aggregates and is degraded by autophagy
The double-tagged p62 is used in experiments to check the transfection of the cells. Since p62 is
known to be easily transfected into mammalian cells, make aggregates, and is degraded by
autophagy, this protein is used as a positive control (Bjorkoy et al., 2005). The same method as
described above was used to transfect HeLa (Figure 45) and HeLa ATG7 knock out (Figure 46)
cells with pDestmCherry-EYFP p62 and visualize the cells in a confocal microscope.
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Figure 45: mCherry-EYFP p62 is degraded by autophagy in HeLa cells. HeLa cells were transfected with
pDestmCherry-EYFP p62 for 24 hours. Many red-only dots were detected when cells were starved, and only a few
were detected when HeLa cells were treated with full medium and with HBSS with Baf.
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Figure 46: mCherry-EYFP p62 degradation by autophagy is inhibited in HeLa ATG7 knock out cells. HeLa
ATG7 knock out cells were transfected with pDestmCherry-EYFP p62 for 24 (A) and 48 (B) hours and treated as
indicated. No red-only dots were detected.

pDestmCherry-EYFP p62 makes aggregates in HeLa and HeLa ATG7 knock out cell in all
treatments. In starved HeLa cells, mCherry-EYFP-p62 formed red-only dots. In HeLa ATG7
knock out cells, autophagy is inhibited, and no red-only dots are shown.
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5 Discussion and Conclusion
5.1 Both TRIM23 and TRIM31 Bind ATG8 Family Proteins
Many different TRIM proteins have been shown to play a part in autophagy by interacting with
autophagy-related proteins (Hatakeyama, 2017). TRIM23 does not only contain a RING domain
as most other TRIM proteins, but also an ARF domain which has GTPase activity (Hatakeyama,
2017). Both its E3 ubiquitin ligase and GTPase activity have shown importance in virus-induced
autophagy, and the selective autophagy mediated by TBK1 and p62 (Sparrer et al., 2017). The
ARF domain has also been shown to induce GFP-LC3B puncta formation (Mandell et al., 2014;
Sparrer et al., 2017). TRIM31 is expressed in digestive tissues such as the colon and small
intestine in humans (Sugiura & Miyamoto, 2008). Furthermore, TRIM31 makes punctate
structures in association with the mitochondria and lysosome, and has been shown to promote
lipopolysaccharide dependent autophagy independent of Atg5. TRIM31 also showed a direct
binding to PE, and thereby induced autolysosome formation (Ra et al., 2016). In contrast to
TRIM23, TRIM31 was shown to not induce GFP-LC3B puncta in the study performed by
Sparrer et al. (Sparrer et al., 2017). From peptide arrays of TRIM23 and TRIM31 performed
previous to this thesis (unpublished), both proteins were found to bind GABARAP.

Sparrer et al. found that TRIM23 induce GFP-LC3B puncta, both by cDNA screens and in vivo
experiments (Sparrer et al., 2017). In this study, direct binding between TRIM23 and ATG8s was
studied by GST pulldowns. According to the GST pulldown results, there was binding between
TRIM23 and ATG8s. The inputs were 2.5%, and the percent binding to ATG8 proteins were
adjusted to this in quantifications. It has previously not been known if TRIM23 binds ATG8s.
Here, it is shown that there is a weak direct binding to ATG8s with GABARAP binding best of
the ATG8s.

When Ra, et at., tried to find co-localization between LC3 and TRIM31 in HeLa cells, they
found that there was indeed co-localization. In starved cells, the co-localization increased, and
even in normal conditions there were a partly co-localization (Ra et al., 2016). In this study,
direct binding between TRIM31 and ATG8s was studied. Results from GST pulldown assay
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indicated that there was binding to all ATG8s. To further study these bindings, an in vivo study
concerning co-localization between EGFP TRIM31 and some mCherry ATG8s were performed.
The ATG8s included in this experiment were overexpressed, which may have altered the results.
Here, TRIM31 was found to co-localize in most treatments of HeLa cells (full medium,
starvation medium and full medium with Baf). More co-localizations were found upon
starvation, which supports Ra et al. in their findings that TRIM31 and LC3 are co-localized in
cytoplasm, and that there are more co-localization when cells are starved than in normal
conditions (Ra et al., 2016). GABARAP also seems to follow this trend, and co-localize with
TRIM31 both in full medium and when starved with HBSS for 2 hours.

5.2 LIR Dependent binding
The binding between TRIM31, and possibly also TRIM23, to ATG8s was suggested to be LIR
dependent due to mapping of potential LIR motifs by peptide arrays performed before this thesis.
By performing GST pulldown with GABARAP mutated in its LIR docking site (LDS), Y49A
and F104A (Behrends et al., 2010), one might get an indication if the binding is LIR dependent.
This experiment was performed both with TRIM23 and TRIM31. TRIM23 binding to
GABARAP Y49A was significantly weaker than GABARAP WT. This indicates that Y49 is
important in GABARAPs ability to bind TRIM23. TRIM31 on the other hand, did not get this
reduction in binding from GABARAP WT to GABARAP Y49A but did get a reduction with
GABARAP Y49A/F104A. This is a trend seen in many LIR interactions; both mutations must be
present to inhibit the binding (Behrends et al., 2010).

To further study TRIM31 binding to ATG8s, TRIM31 was mutated in its LIRs (found from
peptide array). Two mutants were made by site-directed mutagenesis; TRIM31 LIR2 mutant
(F260A/L263A) and TRIM31 LIR1/LIR2 mutant (F185A/L188A/F260A/L263A). GST
pulldown with TRIM31 WT, TRIM31 deficient in LIR2 and TRIM31 deficient in LIR1 and
LIR2, showed that the binding was LIR dependent. More specific, the results indicated that LIR2
was the binding site for LC3A and GABARAP. Due to shortage of time there was not a
possibility to repeat those experiments several times in order to verify this further. It has not been
shown before that TRIM31 binds directly to ATG8 proteins via a LIR motif.
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5.3 Degradation
It has previously been shown that proteins that bind cargos and deliver them for degradation also
are degraded together with its cargo (Kimura et al., 2015; Liu et al., 2016). TRIM31 has
previously been suggested to be degraded by the proteasome together with autolysosomes during
lipopolysaccharide stimulation. Ra, et al. inhibited the proteasome with MG132, which lead to
inhibition of TRIM31 degradation (Ra et al., 2016). In this thesis studying degradation of
TRIM23 and TRIM31 was done by Western blot with cell lysates and by confocal fluorescence
microscopy of cells transfected with pDestmCherry-EYFP fusion constructs to TRIM23 and
TRIM31. Neither TRIM23 or TRIM31 indicated any stabilization by either Baf or MG132. This
suggests that both TRIM23 and TRIM31 are degraded by both the lysosome and the proteasome
(Rodriguez-Muela et al., 2018; Schreiber & Peter, 2014; Scotter et al., 2014; Urushitani et al.,
2010), since both of them clearly are degraded upon starvation. Combined inhibition with
simultaneously treatment of Baf and MG132 would reveal if both pathways are involved.

5.4 Future Perspective
TRIM23 and TRIM31 are both likely to be important proteins in autophagy with their E3 ligase
activity and GTPase activity in TRIM23. This study showed that TRIM31 bind ATG8s by GST
pulldown with in vitro translated protein. The binding was also LIR dependent. The binding
between ATG8s and TRIM31 should be studied further to determine if both LIR motifs are
involved or not in the direct binding. Also, co-localization between TRIM31 and three ATG8s
were studied, where the results in this thesis suggest that there is co-localization. This colocalization experiment should be performed again with adjusted levels of ATG8s so that they
are not too overexpressed. More GST pulldowns with TRIM23 should be performed to verify the
binding. Also, TRIM23 should be included in in vivo experiments, to determine if there is
binding to ATG8s. Neither TRIM23 or TRIM31 showed to be degraded by autophagy, but were
both degraded upon starvation. Since binding to ATG8s often is LIR dependent, the suggested
LIR motif from peptide array (G. Evjen and T. Johansen, unpublished) should therefore also be
mutated to determine if a potential binding between ATG8s and TRIM23 is LIR dependent. The
ARF motif of TRIM23 has also previously been suggested to be important in autophagy, and
should also be studied further in experiments concerning TRIM23 and autophagy.
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5.5 Conclusion
From the results in this thesis, TRIM23 and TRIM31 bind ATG8 proteins. This binding seems to
be LIR-dependent. TRIM31 also co-localize with LC3A, LC3B and GABARAP in cells. Both
TRIM23 and TRIM31 are degraded upon starvation. However, whether this degradation was
mediated by autophagy or the proteasome, or both, cannot be determined from results in this
thesis. TRIM23 and TRIM31 may regulate autophagy processes, and their involvement in
autophagy processes should be studied further.
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