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Abstract

Selective autophagy is a process by which potentially toxic material such as aggregated
proteins, organelles and pathogens are specifically targeted and transported to
autophagosomes and subsequent degradation by the lysosome. The process relies on
selective autophagy receptor proteins (SARs) recognising cargo and then interacting with
the six human autophagy related receptor proteins (hATG8) anchored to the membrane of
the autophagosome. The interaction between SARs and hATGS8 proteins requires a short
amino acid sequence called an LC3 interacting region (LIR). LIRs consist of a core motif
[W/F/Y]o-X1-X2-[L/V/1]3 with the aromatic residue often preceded by acidic residues. The LIR
interacts with ATG8 proteins at a conserved binding site consisting of two hydrophobic
pockets with aromatic and hydrophobic residues sitting in hydrophobic pockets one and two
respectively. Neighbour of BRAC1 gene 1 (NBR1), unlike most SARs contains two LIRs and
whilst both contain the core LIR motif they vary in the amino acids at the aromatic and
hydrophobic position and the composition of amino acids preceding the aromatic residue.
Using Biophysical methods the interaction of the two LIRs of NBR1 (Sequences containing
11-12 amino acids) with the hATGS8 proteins were studied to gain a better understanding of
the effect the different LIR sequence has on binding.

NMR titration experiments with subsequent binding site mapping indicated that whilst both
LIRs interact with LC3B WT at the hATG8 canonical binding site there are variations in how
the LIR interacts with LC3B. The interaction of NBR1 LIR1 (ASSEDYIIILPE) containing more
acidic amino acids preceding the aromatic forms more interactions with the face of LC3B
than that of NBR1 LIR2 (AQDLLSFELLD).

An LC3B binding site mutant that altered the charge on the face of LC3B WT showed
preferential binding for NBR1 LIR2. NMR binding site studies indicated that this change
allowed NBR1 LIR2 to fit tighter against the binding surface of LC3B.

Using NMR binding site mapping a phosphomimetic mutant showed that phosphorylation of
LC3B at threonine 29 made very little difference to how NBR1 LIR1 interacted with LC3B.
However, it made a large difference in the interaction with LIR2 with the aromatic residue of
the LIR no longer sitting in HP1.

The LIRs of NBR1 showed a preference to binding to LC3A over the other members of the
LC3 subfamily. NMR binding site mapping showed the LIRs of NBR1 bound to LC3A at the
canonical binding site. However, the structures generated in HADDOCK (a molecular docking
program) for the interaction of LC3A and LIR1 showed the aromatic binding into HP2 rather
than HP1. For NBR1 LIR2 Phe563 was seen to sit more across the face of LC3A and changes
around the hydrophobic pocket on LC3A when compared to LC3B allowed a more
favourable interaction of the LIR with the face of LC3A.
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Chapter 1

1. Introduction

1.1 Autophagy

Autophagy has been a widely studied cellular process since Christian de Duve [1] first
discovered the lysosome in 1955. In 1963 he employed the term autophagy [2] (literally
meaning self-eating in Greek), for the process of regions of the cytoplasm being sequestered
in a membrane and delivered to the lysosome for degradation. The importance of the
research in the area was recognised in 2016 with the award of the Nobel Prize in Physiology
or Medicine to Yoshinori Ohsumi, for his early identification of the autophagy machinery [3]

Autophagy is a catabolic process responsible for the basal turnover of cellular components
within the cytoplasm. In response to certain stress stimuli, autophagy is rapidly upregulated
to maintain cellular homeostasis. The most well-known stress response that autophagy is
linked to is starvation, where recycling the contents in the cytoplasm replenishes cellular
precursors in response to nutrient depletion and removes potentially toxic materials [4].
Autophagy also undertakes an important role in protein turnover and organelle quality
control, ensuring appropriate numbers of macromolecules are present in the cytoplasm,
and disposing of damaged or dysfunctional organelles [5]. As well as cellular homeostasis,
autophagy is a response to cellular stress caused by xenobiotics, oxidants, infectious agents,
hypoxia, and chemicals that perturb endoplasmic reticulum (ER) function [6].

There are three types of autophagy. These are microautophagy, chaperone-mediated
autophagy and macroautophagy.

Chaperone-mediated autophagy targets individual proteins and transports them to the
lysosome for degradation. Proteins that are to be degraded contain a pentapeptide motif,
which is recognised by heat shock-cognate protein of 70 kDa (hsc70). Once bound to the
chaperone the substrate is targeted to the lysosome for degradation. The selectivity of the
process allows the removal of damaged or abnormal proteins and sub units of multi
complex proteins, without disturbing the rest of the contents of the cytoplasm [7, 8].

Microautophagy involves the lysosome directly enveloping a portion of the cytoplasm
degrading proteins and organelles. This can either be done by lysosomal protrusion, or
lysosomal or endosomal invagination. Lysosomal protrusion is where the lysosome either
elongates and wraps the cytoplasm, or extends an arm like protrusion to envelope an area
of cytoplasm. Lysosomal and endosomal invagination involves part of the lysosome, or
endosome folding back on itself to envelop the material to be degraded. Microautophagy
can also selectively degrade targeted proteins, by enveloping areas of the cytoplasm that
contain proteins that have been transported by hsc70 and NBR1, which are normally
associated with chaperone-mediated autophagy and macroautophagy respectively [9, 10].

Finally macroautophagy (which will be referred to as autophagy for the following work) is
where an isolation membrane sequesters portions of the cytoplasm containing proteins and
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organelles to form an autophagosome. The autophagosome is then transported to the
lysosome with which it fuses and the contents are then degraded. Autophagy is a highly
conserved process with many mammalian homologues of yeast Atg genes having been
identified and characterised [11, 12].

One of the major regulatory components of autophagy is the protein kinase Tor (target of
Rampamycin). In Mammals mTor complex 1 (mTORC1) phosphorylates ULK1 (unc51-like
kinase), sequestering ULK1 in a complex with ATG13 and FIP200 (family-interacting protein
of 200 kDa). During nutrient deprivation, AMPK (activated protein kinase) inhibits mTor
reducing ULK1 phosphorylation [13]. The subsequent AMPK-mediated phosphorylation of
ULK1, at a different residue then leads to AMPK translocating to the site of autophagosome
formation, and the subsequent initiation of autophagy [14, 15] (Figure 1.1).
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Figure 1.1: mTOR signalling network.
mTOR (in red) phosphorylates ULK1 sequestering it in complex with ATG13 and FIP200.
Phosphorylation of ULK1 leads to translocation to the site of autophagosome formation.

Once autophagy is initiated the initial phagophore is formed. The location of vesicle
nucleation is still not fully understood, and numerous sites have been proposed for the
formation of the autophagosome membrane, including the Endoplasmic reticulum (ER),
mitochondria, Golgi and the plasma membrane as well as it being synthesized de novo [16,
17].

Once formed the double membraned phagophore expansion is then mediated by the
Atgl6L complex localising to the phagophore membrane and directing the site at which
lipidation occurs [16]. The ATG16L complex is formed when ATG12 is covalently conjugated
to ATGS5, through an isopeptide bond through a series of ubiquitination-like reactions, with



ATG7 acting as an E1 like enzyme and ATG10 as an E2 like enzyme. The ATG12-ATG5
conjugate then associates with ATG16L and homo-oligomerises (Figure 1.2).

-~

A P
U/

= Atgs

atg12

Figure 1.2: Formation of ATG16L complex.
ATGS is conjugated to ATG12 and the ATG16L. This unit then homo-oligomerises to form the
ATG16L complex.

ATG16L complex recruits members of the ATG8 family of proteins (MAP1LC3A (LC3A),
MAP1LC3B (LC3B), MAP1LC3C (LC3C), GABARAP, GABARAPL1 and GABARAPL2), which have
been conjugated to phosphatidylethanolamine (PE). This then facilitates expansion of the bi-
lipid layer of the phagophore. The phagophore is then closed by membrane scission [18],
enclosing the sequestered material within the mature autophagosome.

The autophagosome is then transported to the lysosome using the dynein machinery on
microtubules [19], through an interaction with FYVE and coiled-coil domain-containing
protein (FYCO1), facilitating kinesin-dependant plus-end movement of phagosomes [20].

Once at the lysosome the autophagosome and lysosome fuse to from an autolysosome. The
fusion process has been attributed to a number of protein complexes. One process is
through Rab7 and small GTPases interacting with LC3s on the surface of the
autophagosome, stimulating autophagosome-lysosome fusion [21]. Another set of
molecules involved are soluble N-ethylmaleimide-sensitive fusion (NSF) attachment protein
receptors (SNAREs) which promote fusion [22] . There is also pleckstrin homology domain



containing protein family member 1 (PLEKHM1), which interacts with ATG8s on the
autophagosome, and homotypic fusion and protein sorting (HOPS) tethering complex and
mediating autophagosome fusion [23]. Fusion with the lysosome forms the autolysosome,
and cargo is degraded by lysosomal hydrolytic enzymes (Figure 1.3).
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Figure 1.3: Model showing formation of autophagosome and subsequent fusion with the lysosome
to form the autolysosome.

As well as the non-selective degradation of bulk material from the cytoplasm, autophagy is
also a selective process by which specific materials are transported to the autophagosome
for degradation [24-26]. Examples of these materials are aggregated proteins
(aggrephagy)[27], mitochondria (mitophagy)[28], peroxisomes (pexophagy)[29] and
microbes and viruses (xenophagy)[30]. This process is regulated by interactions between the
ATGS family of proteins, and selective autophagy receptors (SARs), and will be covered in
greater details later in this chapter.

Autophagy has been linked with a number of neurodegenerative diseases. Studies in mice
have shown that removing important genes involved in autophagy leads to
neurodegenerative disease [31, 32]. It has also been shown that p62, a key cargo receptor
protein for selective autophagy, appears at reduced levels in Alzheimer’s disease patients
[33, 34]. Autophagic dysregulation has also been shown in sufferers of Amyotrophic Lateral
Sclerosis Frontotemporal lobar degeneration (ALS-FTLD) [35, 36].



1.2 The ATGS8 Family

In yeast a single protein Atg8 is essential for phagophore expansion [37]. Whilst yeast has
only Atg8 to fill this role, almost all other eukaryotes express at least two ATG8 homologues.
These ATG8 homologues are split between two subfamilies, the microtubule-associated
protein 1 light chain 3 (LC3s) and y-aminobutyric acid receptor-associated protein
(GABARAPS) [38, 39]. In humans there are six ATG8 (hATG8) homologue proteins with LC3A,
LC3B and LC3C in the LC3 subfamily, and GABARAP, GABARAPL1 and GABARAPL2 (also
known as GATE-16) in the GABARAP subfamily.

The ATG8 family of proteins are expressed in a full length cytosolic form, which is processed
and conjugated to phosphatidylethanolamine (PE), before anchoring into the inner and
outer membranes of the phagophore [40-42]. First the ATGS8s are cleaved by the cysteine
protease ATG4, exposing a C-terminal glycine. ATG7, an E1-like enzyme forms a thioester
bond with the carboxyl group of the exposed glycine. The ATGS8 glycine residue is then
transferred to ATG3 an E2-like enzyme, releasing ATG7. The glycine of the ATGS is then
conjugated to PE localised to the autophagosome, with the ATG12-ATG5-ATG16 complex
acting as an E3-like enzyme [43] releasing ATG3. A summary of this process is given in Figure
1.4. The conjugation of PE to the ATGS8 proteins is a reversible process, with ATG4 able to
act as a deconjugating enzyme [44].
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Figure 1.4: Schematic showing process of conjugation of phosphatidylethanolamine to ATG8s

Once the ATGSs are lipidated and anchored on the surface of the phagophore they can then
act as adaptors, recruiting other proteins to the inner and outer surfaces of the growing
phagophore. The recruited proteins interact with the ATG8 family protein through a LC3
interacting region (LIR), which binds to the face of ATG8 proteins via two hydrophobic
pockets [45]. The LIR more recently has also been called an autophagy interacting motif
(AIM), GABARAP interacting motif (GIM) and LC3 interacting motif (LIM). However, as the
literature still predominately uses LIR then for the purpose of this work the sequence will be
referred to as an LIR. Core autophagy components that interact with the ATG8s through a
LIR include those involved in ATGS lipidation, ATG16L [16] and ATG4B [46], in phagophore
production like the ULK1-FIP200-ATG13 complex [47] and the ATG-ATG complex [48], SAR
proteins like p62 [49] and NBR1 [50] docking cargo to the phagophore, and proteins
involved in autophagosome transport and lysosome fusion like FYCO1 [51] and PLEKHM1
[52] (Figure 1.5).
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Figure 1.5:ATGS interactions on the phagophore.

The ATGS proteins show a structural similarity to ubiquitin (Figure 1.6), but with the hATGS8
proteins having two N-terminal alpha helices before the ubiquitin like core [53]. In the
human ATGS proteins, the LC3 family have alpha helices that are basic and for the
GABARAPs they are acidic [54].The core of the hATG8 proteins contains a four-stranded
beta-sheet with the two central stands running parallel (B-1 and B-4) and the two outer
strands antiparallel (B2 and B-3). Between the beta stands lie two alpha helices, with a-3
lying between B-2 and B-3 and a-4 lying between -3 and B-4 [55] (Figure 1.6).
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Figure 1.6: Crystal structure of ubiquitin (blue) and LC3B (green). The first two a-helices on LC3B are
coloured red.



The six human ATG8 homologues have a high level of structural alignment (Figure 1.7).
However, the amount of sequence similarity (Table 1.1) has large variations not only
between the LC3s and GABRAPs, but also between proteins within the subfamilies. There is
very low sequence similarity between the LC3s and GABARAPS, and whilst LC3A and LC3B
and GABARAP and GABARAPL1 have very similar sequences (83% and 87% respectively),
LC3C and GABARAPL2 have a much lower sequence similarity with other members of the
subfamily (Table 1.1).

A B
Figure 1.7: Human ATG8 homologues structure comparison shown from the front (A) and top (B).

Proteins shown are LC3A (yellow), LC3B (pink), LC3C (grey), GABARAP (green), GABARAPL1 (blue)
and GABARAPL2 (magenta).

LC3A LC3B LC3C GABARAP | GABARAPL1 | GABARAPL2
LC3A 83 59 31 34 42
LC3B 83 55 31 33 40
LC3C 59 55 39 40 43
GABARAP 31 31 39 87 58
GABARAPL1 | 34 33 40 87 61
GABARAPL2 | 42 40 43 58 61

Table 1.1: Sequence similarity between the human ATGS8 proteins. Figure given as a
percentage.

The existence of six human ATG8 homologues raises the question as to why there are so
many when yeast only has one. Redundancy is one reason for the number of ATGS8s
however, having six proteins to act as redundancy for a single process suggests that the six
hATGS8 proteins have functional specialization.



A study showed that whilst both LC3 and GABARAP subfamilies are required for efficient
autophagy, and both sub families are involved in the formation of the initial phagophore,
that LC3s are involved in the elongation of the phagophore membrane and GABARAPs are
essential for later stages of autophagosome maturation [56].

However, in another set of experiments where all six hATG8 family homologues were
knocked out in human Hela cells it was found that this did not stop autophagy [57]. This did
lead to slower initial rate of autophagosome formation and a large effect on the
autophagosome maturation which combined to make the whole process inefficient. The
same study showed the ATGS8 proteins are essential for efficient autophagosome-lysosome
fusion. Another KO study carried out with the six hATG8 homologues [58] underlined the
importance that the GABARAPs in selective autophagy, as when the sub family was
selectively removed the LC3s could not support all steps of selective autophagy. It has also
been shown that bulk sequestration of cytoplasm is independent of LC3s, and requires
GABARAPs [59].

1.3 Selective Autophagy and the LIR

Selective autophagy is mediated by selective autophagy receptors (SARs) that interact with
the ATGS8 family proteins on the inner membrane of the phagophore, through an LIR motif,
thus ensuring encapsulation of the cargo within the autophagosome. The first human SAR
discovered and studied was p62/SQSTM1 and its interaction with LC3B, facilitating the
removal of protein aggregates [49, 60].

Investigations into the structure of the LC3B-p62 interaction [61, 62] showed that Trp338
and Leu341 of the LIR bind with two hydrophobic pockets on the surface of LC3B (Figure
1.8).

Figure 1.8: Structure of p62 LIR bound to LC3B. Hydrophobic pocket 1 (HP1) and 2 (HP2)
are shown in red and blue respectively.Trp338 and Leu341 are shown in green with the
rest of the LIR coloured yellow.



Trp338 binds deeply in hydrophobic pocket 1 (HP1), formed by a-helix 2 packing against the
central B-sheet containing the amino acids D19, 123, K51 and L53. Leu341 of the LIR then sits
in hydrophobic pocket 2 (HP2), formed by a-helix 3 packed against the B-sheet and
containing the amino acids F52, V54, P55 and 166. As well as the interaction with the
hydrophobic pockets, the interaction was also found to be stabilised by electrostatic
interactions with three aspartic acid residues that preceded Trp338 with the face of LC3B.
Although these are not essential for p62 to bind with LC3B (Figure 1.8).

At the same time the interaction of Atg8 in yeast with Atg19 was shown to be through an
LIR that contained a tryptophan and Leucine, that bound with two hydrophobic pockets on
Atg8 [62], and so the LIR motif was termed to be W-x-x-L (with x being any amino acid).

Since the discovery of p62 a large number of other selective autophagy receptors have been
discovered transporting numerous different cargos to the autophagosome [63]. These
cargos as well a protein aggregates (aggrephagy) include mitochondria (mitophagy),
peroxisome (pexophagy), lysosomes (lysophagy), Secretory granules (zymophagy), ER
(ERphagy), Ferritin (ferritinophagy), glycogen (glycophagy), bacteria (xenophagy), Viral
capsids (virophagy), ribosomes (ribophagy), midbody rings (midbody autophagy) and
nuclear lamina (nuclear lamina autophagy). A summary of a number of SARs, the cargo they
transport and their LIRs is given in Table 1.2.

From the list of SARs given it can be seen that the vast majority interact with the ATGS8
proteins through an aromatic and hydrophobic acid, with the notable exceptions of NDP52
and TAX1BP1. Whilst a number of the SARs have a single role, there are a number that
interact with various different cargos.

As well as the SARs there are a number of proteins that are members of the core autophagy
machinery that interact with the ATG8 family of proteins through an LIR, allowing the
proteins to anchor on the convex side of the autophagosome membrane and regulate
autophagosome formation, transport and fusion. These include members of the ULK1
complex, ULK1, ATG13 and FIP200 [47, 64, 65], component of the lipidation system ATG4B
[66] and proteins involved with transport and fusion FYCO1 [51] and PLEKHM1 [52]. A
summary of some of the core autophagy proteins and their LIR sequence is given in Table
1.3.



Protein Pathway LIR Sequence LIR Position
p62 Aggrephagy [49, 60] SGGDDDWTHLSS 332-343
Mitophagy [67, 68]
Pexophagy [69]
Zymophagy [70]
Xenophagy [30]
Virophagy [71]
Midbody autophagy [72, 73]
NBR1 Aggrephagy [50] ASSEDYIIILPE 727-738
Pexophagy [74]
Midbody autophagy [75] AQDLLSFELLD 557-567
Optineurin Aggrephagy [76] GSSEDSFVEIRM 173-183
Xenophagy [77]
Mitophagy [67, 68, 78]
NDP52 Xenophagy [79, 80] PENEEDILVVTT 127-138
Mitophagy [81]
TAX1BP1 Mitophagy [82] DEGNSDMLVVTT 134-145
BNIP3 Mitophagy [83] ESLQGSWVELHF 12-23
FUNDC1 Mitophagy [84] ESDDDSYEVLDL 12-23
AMBRA1 Mitophagy [85] SGVEYYWDQL 1012-1023
Bcl2L13 Mitophagy [86] SLGPESWQQIAMDPE | 270-284
FKBP8 Mitophagy [87] VPPLEDFLVLDGVEDA | 18-33
PHB2 Mitophagy [88] QELPSMYQRLGLD 115-127
NLRX1 Mitophagy [89] IRTEEEFQLLHIF 457-469
FAM134B ERphagy [90] DDFELLD 453-459
Protein Pathway LIR Sequence LIR Position
SEC62 ERphagy [91] SGNGNDFEMITKEE 357-370
RTN3L ERphagy [92] DDRFTLLTA 202-210
PTEYSKVEG 214-222
ESPFEVIID 245-253
ILTWDLVPQ 339-347
SKNFEELVS 552-560
QRSYDILER 787-795
CCPG1 ERphagy [93] SDSSCGWTVISHE 8-20
ATL3 ERphagy [94] FTEYGRLAMD 189-198
HCEFKQLALD 357-396
TEX264 ERphagy [95] GSSFEELDLK 270-279
Stbd1 Glycophagy [96] HEEWEMV 200-206
NUFIP1 Ribophagy [97] WMFWAMLPPP 37-46
NIX Mitophagy [98] AGLNSSWVELPM 30-41

Table 1.2: Mammalian selective autophagy receptors and their LIR sequences. Amino acids

critical for interaction with ATG8 family proteins are shown in red.
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Protein LIR Position of sequence shown
ULK1 TDDFVMVPA 632-640

ATG13 HDDFVMIDF 441-449

FIP200 TFDFETIPH 699-707

ATGA4B TLTYDTLRF 5-13

FYCO1 DAVFDIITD 1277-1285

PLEKHM1 EDEWVNVQY 632-640

Table 1.3: Selection of mammalian autophagy proteins with LIRs.

With a few exceptions (NDP52 and TAX1BP1) LIRs bind with members of the ATG8 family of
proteins through an aromatic amino acid interacting with HP1, and a hydrophobic amino
acid interacting with HP2. This has given the canonical LIR motif of [W/F/Y]o-X1-X2-[L/V/I]3.
Analysis of 100 LIRs contained within SARs and members of the core autophagy machinery,
gave further information on the amino acids that make up the LIR sequence, and the amino
acids that precede and follow the core LIR motif, which can effect binding affinity and

specificity [64] (Figure 1.9).
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Figure 1.9: WebLogo from Terje Johansen and Trond Lamark paper [64] showing sequence
content of 100 LIRs in bits (upper panel) and residue probabilities at each position (lower

panel). Hydrophobic pockets are marked by HP1 and HP2.

Of the 100 LIRs analysed it was found in the Xo position that there was a fairly even split
between LIRs containing tryptophan and phenylalanine (42 and 48) respectively, but only 10
of the sequences contained tyrosine. The X1 and X, position are more likely to be a
hydrophobic or acidic amino acid. Preceding the Xo tends to be acidic residues that help to
stabilise the interaction through electrostatic interactions with basic residues on the face of
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the ATGS proteins (for example R10, R11, K49 and K50 on LC3B) [47, 65, 99, 100]. As well as
acidic residues stabilising the interaction, it has been shown that phosphorylation of
threonine or serine residues that precede the Xo can also stabilise the interaction [101, 102].
LIRs usually bind as an extended beta-sheet to the binding site on the ATGS8 proteins [45,
62].

Mutations within the LIRs have been shown to have large effects on the binding affinity of
the LIR to ATGS8 proteins, which can then play a part in neurodegenerative disorders like
amyotrophic lateral sclerosis and frontotemporal lobar degeneration (ALS-FTLD) [103].

With so many SARs and core autophagy containing proteins possessing LIRs that bind to the
ATGS proteins, it raises the possibility that the reason for six ATG8 proteins is due to certain
SARs having preferred binding partners within the hATG8 family, and the LIR sequence
drives this specificity. Whilst most LIR containing proteins will bind to all members of the
ATGS8 family, there are a number of examples in the literature of LIR containing proteins
binding selectively to the GABARAP family [47, 104-106] and currently a smaller number
binding to the LC3 family [51, 87].

A recent study looked at a range of LIR containing proteins to derive a consensus GABARAP
interaction motif (GIM) [107]. This study used a peptide-based assay to screen 30 LIR
sequences against the ATG8 family proteins, to ascertain if a LIR showed a preference for
the LC3 or GABARAP sub family. They found that 12 of the LIRs showed selectivity towards
GABARAP over the LC3 sub family, and only one LIR (FUNDC1) showed a preference to LC3
over GABARAP. Analysis of these sequences lead them to propose a GIM of [W/F]-[V/I]-X2-V.
However, they were unable to identify a set of LIRs that showed a clear preference for the
LC3 sub family. Further investigation of the binding affinity’s of PLEKHM1-LIR peptide
binding to the hATGS8 proteins, showed Kqvalues that were around 10 times lower for the
interaction with the GABARAP sub family (0.55 uM — 0.93 uM) than the LC3 subfamily (4.22
UM — 6.33 uM).

It has also been shown the C-terminus directly after the LIR motif can confer binding
specificity to the GABRARAP sub family [65]. The study showed that for proteins ULK1,
ATG13 and PCM1, that Xs.10 of the LIR motifs formed hydrogen bonds and hydrophobic
interactions with residues on the surface of GABARAP (L55/F62/L63). However, in LC3A/B
the expanded hydrophobic surface is not present, and is partially charged (V58/K65/168),
and so the extended C-terminal interaction does not happen.

The most studied group of mammalian SARs are the soluble sequestosome-1-like receptors
(SLRs). This group includes the SAR protein p62, NBR1, NDP52, TAX1BP1 and OPTN. All of
the SLRs contain a dimerization or multimerization domain, an LIR binding domain and
ubiquitin-binding domain. The cargo targeted by SLRs, as shown in Table 1.3, is diverse with
just p62 being involved in degradation of protein aggregates, organelles and bacteria. The
cargos are commonly ubiquinated, which then allows the SLR to interact with it through the
ubiquitin binding domain [24].Through the LIR, the SLR interacts with the ATGS8 proteins on
the internal surface of the phagophore delivering the cargo for degradation. Polymerization
of p62 through its PB1 domain is essential for selective autophagy and the formation of p62
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bodies [49, 60, 108], which facilitates co-aggregation with the cargo and a tighter interaction
between p62, the labelled cargo and the ATGS8 protein present at the phagophore [109].

Neighbour of BRCA1 gene 1 (NBR1) is a member of the SLR group and has a similar domain
structure to p62, containing an N-terminal PB1 domain followed by a ZZ type zinc finger and
a C-terminal UBA (Figure 1.10).
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Figure 1.10: Domain architecture p62 and NBR1 members of the sequestosome-1-like receptor
group of selective autophagy receptors. PB1, Phox and Bem1 domain; (pink), ZZ, ZZ-type zinc
finger domain (light blue); CC, coiled-coil domain (orange); FW, four tryptophan domain
(green); LIR, LC3 interacting region (dark blue); UBA, ubiquitin-associated domain (dark
blue); NLS, Nuclear localisation signals (grey); NES, nuclear export signal (grey); KIR, Keap
interacting region (grey). Images are not to scale and represent relative positions of
domains. SAR size (number of amino acids) is given far right.

Both NBR1 and p62 target aggregated proteins and peroxisomes for degradation by
selective autophagy, and have been shown to collaborate when targeting these cargos [50,
74]. NBR1 was found to promote pexophagy without the presence of p62, but the presence
of p62 increased the efficiency of the process. Defects in aggrephagy leads to the
accumulation of ubiquitin-positive protein inclusions which can lead to severe liver injury
[110] and neurodegeneration [33]. An inability to maintain peroxisome numbers is linked to
various neurodegenerative and developmental disorders such as X-linked
adrenoleukodystrophy, and Krabbe disease [111].

NBR1 is roughly twice the size of p62 and is found at lower levels than p62 in the cell. NBR1
undergoes homo-oligomerization through a coiled-coil domain [50]. This is required for
efficient peroxisomes degradation but it is unclear if required for aggrephagy. NBR1
contains a PB1 domain like p62, but unlike p62 is not used to polymerize but instead to
interact with p62. NBR1 also contains a novel, evolutionary conserved four tryptophan (FW)
domain (also known as the NBR1 box) [112]. NBR1 like p62 contains a UBA domain for
binding to ubiquitin, but unlike p62 the isolated NBR1 UBA domain binds very well to both
K48 and K63 linked di-ubiquitin [50]. Unlike p62 NBR1 contains two LIRs. The first LIR (LIR1)
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has the sequence ASSEDYIIILPE (amino acids 727-738 on NBR1) and the second LIR (LIR2)
AQDLLSFELLD (amino acids 557-567 on NBR1) [50]. Both contain the core LIR Motif with an
aromatic at the Xo position, with LIR1 having a tyrosine and LIR2 containing a phenylalanine,
and both have a hydrophobic residue in the X3 position, with LIR1 and LIR2 having isoleucine
and leucine at these positions respectively. LIR1 follows the majority of LIR sequence
containing acidic residues at positions X.1and X.;, whereas LIR2 contains no acidic residues
until X.a. Neither sequence follows the motif for a GIM with both lacking the valine at X3. The
interaction of NBR1 LIR1 with the ATG8 family has been studied and a structure of the
interaction with GABARAPL1 was produced[113] (Figure 1.11).

Figure 1.11: Structure of NBR1 LIR1 bound to GABARAPLL. LIR is shown in green with Y732
and 1735 coloured purple. Amino acids on GABRAPL1 that were shown to be close in the
NMR data to Y732 are coloured blue and those close to 1735 are coloured red.

NBR1 LIR1 is shown binding to the canonical ATG8 binding site, with Tyr732 sitting in HP1
and 1le735 in HP2. Tyr732 on NBR1 binds deeply in the pocket, and makes close contact with
E17, 121, P30 and L50 on GABARAPL1. lle735 in HP2 then has close contact with Y49, L50,
V51, P52, L63, 164 and R67. The acidic residues Glu730 and Asp731 then have electrostatic
interactions with the positively charged amino acids on a-helix 2 (K16, K20 and K24).

As well as the structure of NBR1 LIR1 with GABARAPL1 the study also investigated the effect
of mutating the LIR at various positions, and the effect this had on binding with LC3B. Using
ITC they found that when Tyr732 was mutated to a tryptophan that the Kg went from 3 uM
to 0.4 uM. However, mutation to a phenylalanine made very little difference. Adding extra
acidic amino acids by mutating positions X.3and X4 from serine to Glutamic acid made very
little difference to the Kq values.

Whilst the interaction of NBR1 LIR1 with the ATGS8 proteins has been studied, the
interaction with NBR1 LIR2 has not, and in fact in the literature the LIR was only located to a
region of 100 amino acids [50]. Work within the Searle group then narrowed this down to
the sequence given above and some initial interaction studies were carried out [114].
However, this initial analysis did not fully explore why NBR1 contains two LIRs, and the NMR
titration data for the interaction of the two LIRs with LC3B, whilst indicating the LIRs bound
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to the canonical binding site, the data was not analysed sufficiently to show the details of
the interaction and the differences in interaction between the two LIRs.

NBR1 is not alone in proteins that contain two LIRs with ATL3 and RTN3L containing multiple
LIRs. ATL3 contains two LIRs and it was found that both LIRs were required for the
interaction, as if either of the aromatic residues in the LIR is mutated then the interaction
with GABARAP was weakened. For RTN3L there are six LIRs and it was found that all six LIRs
had to be deleted for the interaction with LC3B and GABARAPL1 to be interrupted. For NBR1
studies of the binding affinity of the two LIRs it was found that both LIRs bound to LC3B,
GABRAP and GABARAPL2. However, in HEK293 cells it was found that LIR1 was by far the
stronger binder with GABARAPL2 than LIR2 [50].The reasons as to why NBR1 has two LIRs is
not understood. The fact that the two LIRs are different in the amino acids at Xo and X3 and
in the acidic residues present suggest that they have different preferred binding partners
within the ATG8 family, and hence perform different roles within the SAR and autophagy.

1.4 Phosphorylation of LC3B

Posttranslational modification (PTM) of proteins is an important process in controlling the
functionality of proteins, regulating activity, localization and interaction with other cellular
materials. PTMs are used to regulate processes that covalently add functional groups to
proteins, those that cleave proteins and those involved in degradation of entire proteins.
These modifications include phosphorylation, glycosylation, ubiquitination, nitrosylation,
methylation, acetylation, lipidation and proteolysis. Proteins can be modified multiple
times, and PTMs can be either reversible or irreversible [115]. PTMs within autophagy play
an important role regulating ATG protein function with phosphorylation, ubiquitination,
acetylation and lipidation playing important roles in regulating ATG proteins [116-118].
Within selective autophagy, lipidation is required to recruit the ATGS8 proteins to the
phagophore, ubiquitination labels aggregated proteins for degradation and phosphorylation
of the SAR Optineurin, is required to stabilize the interaction with ATGS8 proteins.

Phosphorylation, a PTM where protein kinases attach a phosphate group to the OH group
on serine, threonine and tyrosine has been shown to be an important PTM when regulating
the interactions of the ATG8 proteins. Phosphorylation of S12 on LC3A reduced its
recruitment and participation in autophagy [119]. Phosphorylation of LC3B by protein kinase
C significantly inhibited starvation induced processing of LC3B attenuating the addition of PE
to the glycine exposed truncated form of LC3B. The phosphorylation sites were mapped to
T6 and T29 on mouse LC3B [120]. Phosphorylation of the ATGS8 proteins has been shown to
have an important role in selective autophagy and the clearance of a specific cargo [121].
This study showed that the phosphorylation of LC3B at T50 by Sterile-20 kinases STK3 and
STK4 was critical for fusion between autophagosomes and lysosome. As well as this
important roll they also showed that mouse-embryonic fibroblasts (MEFs) deficient in
STK3/STK4 were unable to efficiently clear Streptococci which would be a normal target of
xenophagy. However, reconstitution of the deficient cells with a LC3B phosphomimetic
mutant (T50E) allowed for the bacteria to be cleared from the cells. Further studies of the
phosphorylation at T50 on LC3B has also been shown to inhibit binding to p62, NBR1 and
FYCO1 [122].
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All three phosphorylation sites found on human LC3A/B (on LC3A S6 is P6) are sited around
the two hydrophobic pockets, with S/T12 (LC3A/LC3B) present on N-terminal a-helices that
sit alongside the central B-sheet close to HP1, S/T29 (LC3A/LC3B) near HP2 and T50 located
close to HP1 (Figure 1.12).

!\ ~
\ ‘v/ | T

Figure 1.12: Phosphorylation sites on LC3A/B. Serine’s and threonine’s that can be
phosphorylated are shown in blue. Where the amino acid present in LC3A is different from
LC3B the LC3A sequence is given first (LC3A/LC3B).

The position of the phosphorylation sites leads to the possibility that phosphorylation of
LC3A/B at these positions, could alter the interaction with the SAR LIRs with the
hydrophobic pockets. This is of particular interest for S/T29 and T50 due to their close
proximity to HP2 and HP1 respectively. S/T29 sits at the top of a-helix 2, and close to HP2
and where the LIR sits. Phosphorylation at this position could therefore change the
interaction of the LIR with LC3A/B. T50 then sits close to HP1, and where the amino acids
preceding the aromatic of the LIR interact with the face of LC3A/B. Hence a change in charge
at this position through phosphorylation could potentially alter the interaction between
LC3A/B and LIRs.

1.5 Project Goals

NBR1 plays an important role in clearing aggregated material and peroxisomes from the cell
by localising them to the phagosome and subsequent degradation at the lysosome. Whilst
p62, which has a similar domain structure to NBR1, has been well studied, NBR1 has not.
The process of selective autophagy, by which the cargo is degraded, is reliant on the
interaction of SARs like NBR1 with members of the ATG8 family of proteins through an LIR.
NBR1 unlike other members of the SLR group of proteins has two LIRs. The interaction of
LIR1 of NBR1 with GABARAPL1 has been studied but LIR2 seems to have been all but
forgotten in the literature, and the interaction of NBR1 LIR2 with the ATGS8 proteins has not
been investigated.

The two LIRs of NBR1 both bind to the ATG8 family but have differences at critical positions
in the LIR, with the sequence varying between LIRs at the aromatic and hydrophobic amino
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acid, and with LIR1 containing acidic amino acids preceding the aromatic position, but LIR2
does not. This raises the question of whether there are two LIRs for redundancy or if the
LIRs have preferred binding partners amongst the six ATG8 proteins, and hence allowing
NBR1 to fulfil a specific role.

This project will use a combination of mass spectrometry and NMR to study the interactions
of the human ATG8 family of proteins with the two LIRs of NBR1. Initially the interaction of
the two LIRs of NBR1 with LC3B will be studied. This work will present a complete backbone
amide NMR assignment of LC3B and NMR titration data of the two LIRs with LC3B to look at
the detail of the interaction between the two LIRs of NBR1 and LC3B. This will be done by
analysing the chemical shift perturbations from NMR titrations to focus on the most
significant changes. This selection of amino acids will be used in docking software HADDOCK
webserver[123] to calculate and model the likely structure of the LIRs binding to LC3B. This
data will then be compared to similar data generated for the interaction of LC3B with the
LIR of p62.

The interaction of the two LIRs with LC3B was investigated further using a number of LC3B
mutants to understand the difference in binding interactions. A K51A, L53A LC3B mutant
(LC3B KL) was used as a binding site mutant which altered the surface around HP1. This
change to HP1 and alteration in charge allowed the study of the difference in aromatic
residue, and the preceding N-terminal amino acids in the two amino acids. A T29D LC3B
phosphomimetic was then used to see what effect phosphorylation has on the interaction
of the LIRs with LC3B, and if it affects the LIRs differently. MS competition binding
experiments would initially be used to identify if the LIRs preferentially bind to one of the
LC3B mutants (WT, KL and T29D). Any selectivity shown in the MS competition experiments
would then be investigated further using NMR titrations of the KL and T29D mutants with
the LIRs and HADDOCK webserver.

Finally MS competition experiments would be employed to probe if the two LIRs of NBR1

bind preferentially to any of the human ATGS8 proteins. NMR titrations and HADDOCK
webserver would then be used to further investigate any binding preference discovered.
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Chapter 2

2. Materials and Methods

2.1 Chemicals

All chemicals were purchased from Sigma-Aldrich, Melford, Fisher, Enzyme Research Lab or
Promega unless otherwise stated. A list of the composition of common buffers and stock

solutions is given in Table 2.1

Buffer

Contents

Tris-acetate-EDTA (TAE) 1x

25 mM acetic acid, 1 mM EDTA, pH 4
(NaOH)

Lysis Buffer (1x)

10 mM Tris, 150 mM NacCl, pH 7.5

Cleavage Buffer (1x)

20 mM Tris, 150 mM NaCl, 2.5 mM CaCla,
pH 8.4 (HCl)

Gel Filtration Buffer

30 mM Potassium phosphate, 100 mM NacCl, pH
7.0

Desalt Buffer

25 mM Ammonium acetate

Sodium dodecyl sulphate (SDS) Running
Buffer (1x)

25 mM Tris, 250 mM Glycine, and 0.1% SDS
(w/v), pH 8.3

2x SDS Loading Dye

100 mM Tris, 4% SDS (w/v), 20% Glycerol (v/v),
0.2% Bromophenol Blue (w/v), and 200 mM
DTT, pH 6.8

Coomassie Blue Stain

0.25% Coomassie Brilliant Blue (w/v), 45%
Methanol (v/v), and 10% Acetic acid (v/v)

NMR Buffer

50 mM Potassium phosphate, 50 mM NaCl,
0.04% NaNs, 5% D20 (v/v), pH 7.0

lon Exchange buffer A

5 mM Potassium phosphate, pH 7.0

lon Exchange buffer B

5 mM Potassium phosphate, 2 M NaCl, pH 7.0

15% polyacrylamide solution

375 mM Tris, 15% acrylamide/methylene
bisacrylamide

(37.5:1 ratio) solution (v/v), 0.1% SDS (w/v), pH
8.8

Stacking buffer

125 mM Tris, 4% acrylamide/methylene
bisacrylamide

(37.5:1 ratio) solution (v/v), 0.1% SDS (w/v), pH
6.8

Table 2.1: Buffer and stock solution composition.
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2.2 Biological Materials

Glycerol stocks of E. coli cell lines: XL1 Blue and C41 (DE3) were provided by Dr. Jed Long
(Searle group, School of Chemistry, University of Nottingham). Dr Jed Long also provided
MAP1LC3B wild type and mutants in the pGEX-4T-3 plasmid (Figure 2.1). The LC3B wild type
and mutant sequences were inserted between the EcoRIl and Sall cloning sites. Finally Prof.
Robert Layfield (University of Nottingham Medical School, QMC) provided MAP1LC3A,
MAP1LC3B, MAP1LC3C, GABARAP, GABARAPL1, and GABARAPL2 in pETM-30 plasmid.
Sequences for the ATGS8 proteins are shown in Figure 2.2.

Thrombin

lLeu Val Pro ArgtGly Ser|Pro Asn Ser Arg Val Asp Ser Ser Gly Arg lle Val Thr Asp

CTG GTT CCG CGT GGA TCC CCG AATTCC CGG GTC GAC TCG AGC GGC CGC ATC GTG ACT GAC TGA
BamHI EcoRI T Psall T—p— Notl Stop Codons

Smal

Tth1lll
Ant

pSj10ABam7Stop?

pGEX

~4300 bp

Miul or

Figure 2.1: pGEX-4T-3 Plasmid Map (GE Healthcare Life Sciences)

LC3A:

G A M S M P S D R P F K O R R S F A
GGC GCC ATG TCC ATG CCC TCA GAC CGG CCT TTC AAG CAG CGG CGG AGC TTC GCC
D R C K E vV o Q 0 I R D 0 H P S K I P
GAC CGC TGT AAG GAG GTA CAG CAG ATC CGC GAC CAG CAC CCC AGC AAA ATC CCG
v I I E R Y K G E K O L P V L D K T
GTG ATC ATC GAG CGC TAC AAG GGT GAG AAG CAG CTG CCC GTC CTG GAC AAG ACC
K F L Vv P D H V N M S E L V K I I R
AAG TTT TTG GTC CCG GAC CAT GTC AAC ATG AGC GAG TTG GTC AAG ATC ATC CGG
R R L 0 L N P T Q0 A F F L L V N 0 H
CGC CGC CTG CAG CTG AAC CCC ACG CAG GCC TTC TTC CTG CTG GTG AAC CAG CAC
S M VvV S v S T P I A D I Y E 0 E K D
AGC ATG GTG AGT GTG TCC ACG CCC ATC GCG GAC ATC TAC GAG CAG GAG AAA GAC
E D G F L Yy M V Y A S o) E T F G F *
GAG GAC GGC TTC CTC TAT ATG GTC TAC GCC TCC CAG GAA ACC TTC GGC TTC TGA
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LC3B:

G
GGC
Q
CAA
v
GTG
K
AAG
R
AGG
S
AGC
E
GAA
L
TTG

A
GCC
R
AGA
I
ATA
F
TTC
R
CGC
M
ATG
D
GAT
S
TCA

LC3C:

G
GGC
P
CCA
\
GTT
Y
TAC
Q
CAG
R
AGA
S
AGC
Y
TAC
R
AGG

A
GCC
S
AGC
A
GCT
P
CccC
E
GAG
A
GCC
A
GCA
M
ATG
D
GAT

M
ATG
\Y%
GTA

ATA

CTT

TTA

GTC

GGA

GTG

M
ATG
v
GTC
G
GGA
R
AGG
L
CTG
T
ACG
T
ACC
T
ACC
G
GGG

GABARAP:

G
GGC
R
CGC
\
GTA
\
GTG
H
CAT
T
ACC
L
CTC

A
GCC
S
TCT
E
GAA
P
CCT
L
CTC
S
AGT
Y
TAC

M
ATG
E
GAG
K
AAG
S
TCT
R
CGA
A
GCC
I
ATT

TCC

GAA

GAA

GTA

CAG

AGC

TTC

TAA

TCC

AGA

ATC

GAG

ACC

GAA

ATG

TAC

AGC

TCC

GGC

GCT

GAT

GCT

ACA

GCC

ATG

GAT

CGA

CCT

CTC

GTC

CTG

ATG

CcccC

CGG

ACG

ATG

GCC

GCA

GCC

AGC

ATG

GAG

CCC

CTC

GAG

ATG

TAC

CCG

GTC

TAC

GAC

AAT

TCC

TAC

CCG

TTC

GCA

TTC

ACC

TTT

GAG

TCC

CTT

AAG

AAG

AAA

ACA

GAT

GGT

AGT

TCG

CGA

AAG

CAT

GCT

ACA

ATG

CCT

AAG

AAG

CTG

CAG

TAC

ATC

CAG

GAG

TTC

ATC

GCT

GTT

GCC

CAG

GAC

GAG

CTT

GGT

GTC

AAT

CCA

GTC

CCA

CAG

TTC

CccC

TTC

TTG

TAC

GAG

GAC

GTG

CGA

CGG

GGT

TTG

CTG

GAA

AAG

ATT

GAG

AAC

CAG

ATC

TAT

CAG

AGG

CccC

CCG

CTC

CTG

AGA

ACA

AGA

TAC

AAG

ATA

CAG

TTT

TAC

AGT

ACC
CGA
AAG
ATG
GCC
TCA

GCC
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TTC

GAG

CAG

AGT

TTC

GAG

TCC

ATC

AGC

AAA

GAC

ATC

AAC

TAC

GGC

TGC

GAA

TAC

GAC

TAC

TTT

GAA

TAC

AAG

CAG

CTT

GAG

TTC

GTG

CAG

TTG

ATC

ATC

AAC

AAG

TGC

AAT

GAG

CCG

CTG

TTC

GTC

CAC

GGT

CAG

CAT

CCT

CTC

CTG

TAT

GAG

GCA

CCG

ACC

CGG

AAG

GAT

CTG

CCT

CAT

GAC

GAC

TTG

AAC

CAT

CTG

CGC

CCA

GTT

ATC

TTG

GAG

ACG

ATC

GTG

AAG

AGC

AGC

GAG

GAG

CTC

CCG

CGG

AAA

ATC

AAT

GAA

TGA

CGC

ACC

CTG

AAG

GTG

AGT

TTC

AGA

GTA

TTC

CGC

CTG

GAT

TCA

TAG

TTC

GTG

AAG

CGG

GTC

GAA

GAG

GGG

CAA

GTG

CTG

ATG

GTC

GGC

GCA

GAG

CCG

AAA

AAG

ATT

GAC

TTC

ATC

ATT

GGA

ATG

GAG

GAG
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GABARAPL1:

G A M S M K F Q Y K E D H P F E Y R
GGC GCC ATG TCC ATG AAG TTC CAG TAC AAG GAG GAC CAT CCC TTT GAG TAT CGG
K K E G E K I R K K Y P D R Y P Y I
AAA AAG GAA GGA GAA AAG ATC CGG AAG AAA TAT CCG GAC AGG GTC CCC GTG ATT
\Y% E K A P K A R \Y% P D L D K R K Y L
GTA GAG AAG GCT CCA AAA GCC AGG GTG CCT GAT CTG GAC AAG AGG AAG TAC CTA
\Y% P S D L T \Y% G Q F Y F L I R K R I
GTG CCC TCT GAC CTT ACT GTT GGC CAG TTC TAC TTC TTA ATC CGG AAG AGA ATC
H L R P E D A L F F F \Y% N N T I P P
CAC CTG AGA CCT GAG GAC GCC TTA TTC TTC TTT GTC AAC AAC ACC ATC CCT CcCC
T S A T M G Q L Y E D N H E E D Y F
ACC AGT GCT ACC ATG GGC CAA CTG TAT GAG GAC AAT CAT GAG GAA GAC TAT TTT
L Y \Y% A Y S D E S \Y% Y G K *
CTG TAT GTG GCC TAC AGT GAT GAG AGT GTC TAT GGG AAA TGA

GABARAPL2:

G A M S M K W M F K E D H S L E H R
GGC GCC ATG TCC ATG AAG TGG ATG TTC AAG GAG GAC CAC TCG CTG GAA CAC AGA
C Y E S A K I R A K Y P D R Y P Y I
TGC GTG GAG TCC GCG AAG ATT CGA GCG AAA TAT CCC GAC AGG GTT CCG GTG ATT
\Y% E K \Y% S G S Q I \Y% D I D K R K Y L
GTG GAA AAG GTC TCA GGC TCT CAG ATT GTT GAC ATT GAC AAA CGG AAG TAC TTG
Y P S D I T Y A Q F M W I I R K R I
GTT CCA TCT GAT ATC ACT GTG GCT CAG TTC ATG TGG ATC ATC AGG AAA AGG ATC
Q L P S E K A I F L F \Y% D K T \Y% P Q
CAG CTT CCT TCT GAA AAG GCG ATC TTC CTG TTT GTG GAT AAG ACA GTC CCA CAG
S S L T M G Q L Y E K E K D E D G F
TCC AGC CTA ACT ATG GGA CAG CTT TAC GAG AAG GAA AAA GAT GAA GAT GGA TTC
L Y \ A Y S G E N T F G F *
TTA TAT GTG GCC TAC AGC GGA GAG AAC ACT TTT GGC TTC TGA

Figure 2.2: Sequences for the hATGS8 proteins as supplied in the pETM-30 plasmid

Peptides for the LIRs of p62 and NBR1 were purchased from Peptide Synthetics. The peptide
sequences used are listed in Table 2.2

LIR Peptide Sequence

p62 SGGDDDWTHLS
NBR1 LIR1 ASSEDYIIILPE
NBR1 LIR2 AQDLLSFELLD

Table 2.2: Peptide sequences for LIRs of p62 and NBR1 used in this work.
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2.3 Molecular Biology Techniques

2.3.1 Sterilisation

All materials used that were not already provided sterile were sterilised by autoclaving
(121°C, 15 min) using a Rodwell Ensign Autoclave. Materials that were heat sensitive were
sterilised by filtration using a 0.22 um filter.

2.3.2 Small-scale Overnight E. coli Cell Cultures

To carry out protein over-expression and plasmid DNA production small scale overnight
cultures were used. 10-20 mL of sterilised Lysogeny broth (LB) media (25 g/L) was poured
into 30 mL universals to which was added ampicillin (100 pg/mL) when using E. coli
containing pGEX-4T-1/3 plasmids or tetracycline (50 ug/mL) when using E. coli containing
PETM-30 plasmid. To this was added either a single colony from an agar plate or a scraping
from a glycerol stock depending on the work being carried out. The culture was then
incubated with shaking (37°C, 180rpm) overnight.

2.3.3 Agar Plates

Single colonies of bacteria were grown by putting 0.5 mL of overnight E. coli culture onto LB
agar plates. LB agar was suspended in milliQ water (40 g/L), autoclaved (Chapter 2.3.1) and
left to cool. Plates were produced as required by heating LB agar in a microwave until fully
melted and the molten agar was allowed to cool to 42°C, before the appropriate antibiotic
was added. The molten agar was poured into disposable Petri dishes and allowed to set.
Plates that were not required straight away were then stored at 4°C.

2.3.4 Glycerol Stocks

Glycerol stocks were produced for storage of cells for later use. A single colony was picked
from an agar plate and grown overnight (Chapter 2.3.2) and stored in glycerol (15%, v/v) at -
80°C.

2.3.5 Site Directed Mutagenesis

Site directed mutagenesis was used to modify the DNA of the hATGS8 proteins in the pETM-
30 plasmid to introduce the correct restriction sites (BamHI/ and XHO1) to allow the transfer
into pGEX-4T-1 plasmid (Figure 2.3). Samples were made up of forward and reverse primer
(2.5 pL, 10 uM), plasmid (1 pL, 100-200 ng/uL), dNTP (1 pL), Q5 reaction buffer (5X, 10 ul)
and made up to 49.5 pL with nuclease free water. The polymerase chain reaction (PCR)
conditions specified in Table 2.3 were then used.
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Figure 2.3: pGEX-4T-3 Plasmid Map (Amersham).
Step Temperature/ °C Time/seconds
Initial Denaturation 98 30
35 cycles 98 10
72 30
72 30
Final Extension 72 120
Hold 4

Table 2.3: PCR conditions.

2.3.6 DNA Digestion and Ligation

Enzyme digest was carried by mixing PCR product (43 uL, 10-20 ng/uL), cutsmart buffer (5
uL) and Xhol and BamHI (1 pL each). These samples were then incubated at 37°C for one
hour. The resulting cut DNA was extracted using gel extraction and the cut DNA (3 uL) was
added to pre-cut pGEX-4T-1 plasmid (1 pL), ligase 10x buffer (2 uL), nuclease water (13 pL)
and finally ligase (1 uL). The solution was incubated for 20 minutes at room temperature.

2.3.7 Agarose Gels

Agarose gels were used to confirm the presence of DNA in PCR product and to purify
material from enzyme digests. 1% gels were produced by dissolving agarose (0.50 g) in TAE
(50 mL) buffer by heating in the microwave. The solution was then allowed to cool to
roughly 40°C at which point ethidium bromide (5 pL) was added. The resulting molten gel
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was then carefully poured into a pre-assembled gel kit, the well comb was put in place and
then the gel was left to cool and solidify.

Once the gel was set it was submerged in TAE buffer in a gel tank and PCR product in 6x DNA
loading dye (NEB) was loaded. If the gel was being used to check the presence of DNA after
PCR then 5 pL of sample was used and if for the purpose of enzyme digest purification the
whole sample was loaded. A 2-log ladder (NEB) was also loaded and the gel was run at a
constant voltage of 70 V until sufficient separation had occurred. DNA bands were observed
and photographed using a SynGene G:Box gel imager in transilluminator mode.

2.3.8 Transformation of Plasmid DNA into E. coli Cells

Cultures of the required E. coli strain were prepared as in Chapter 2.3.2 but instead of being
grown overnight were grown (37°C, 180 rpm) until they reached an ODsgs of 0.3 AU. The
cells were then harvested using a centrifuge (1000 g, 10 min, 4°C) and the supernatant
discarded. The resulting pellet was then re-suspended ice cold sterile filtered CaCl, (4 mL, 50
mM) and left on ice for at least an hour. The sample was then returned to the centrifuge
(1000 g, 10 min, 4°C), the supernatant discarded and the resulting pellet re-suspended in ice
cold sterile filtered CaCl, (800 pL, 50 mM) to produce competent cells.

For each transformation 100 uL aliquot of the competent cells was taken and 1 pL of
plasmid added. The sample was then left for 30 minutes on ice to allow the plasmid and E.
coli to mix. The sample was then heat shocked (42°C, 40 secs) and placed back on ice for 5
minutes, followed by the addition of 400 pL of LB and then placed in the incubator (37°C,
180 rpm, 1 hr). The sample was then plated onto ampicillin agar plates and incubated
overnight at 37°C.

2.3.9 Plasmid Purification

Plasmid DNA was purified from a 10 mL overnight culture using either A QIAGEN QlAprep
Spin Miniprep Kit or a Sigma GenElute Plasmid MiniPrep Kit, following the manufacturer’s
instructions.

2.3.10 DNA Sequencing

DNA sequencing was carried out by the sequencing facility, University of Nottingham
Medical School, QMC. The sequencer used was a3130x| ABI PRISM Genetic Analyser and for
the pGEX-4T-1 plasmid pGEX-reverse primer (CCG GGA GCT GCA TGT GTC AGA GG) was
used.
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2.3.11 Protein Over-expression
Protein over-expression of unlabelled protein

1 litre of LB in a 2 litre baffled flask was pre-warmed (37°C, 180 rpm, 30 min). To which was
added ampicillin (1 mL, 100 ug/mL) and 2 overnight cultures (20 mL) of the desired protein
(Chapter 2.3.2). The flask was then incubated with shaking (37°C, 180 rpm) until an ODsgs
between 0.7 and 1 AU was achieved. To the flask was then added Isopropyl-B-D-
thiogalactoside (IPTG) (0.5 mL, 1M) and ampicillin (0.5 mL, 100 pg/mL). The flask was then
incubated overnight (30°C, 180 rpm) and the ODsgs checked to ensure it had grown. The cell
suspension was then centrifuged (3000 g, 10 min, 4°C) and the resulting pellet collected and
stored at -80°C.

Protein over-expression of 13C and '°N labelled protein

To 1 litre of sterile minimal media (Table 2.4) in a 2 litre baffled flask was added ampicillin (1
mL, 100 pg/mL), MEM vitamins (1 mL) and trace elements (1 mL). Depending on the type of
labelling to be carried out varying amounts of ammonium chloride and glucose were
dissolved in MilliQ water (20 mL) and added via sterile filtration. For °N labelling then >N
labelled ammonium chloride (1 g) and glucose (4 g) were used. When producing *°N, 13C
labelled protein then '°N labelled ammonium chloride (1 g) and *3C labelled glucose (2 g)
were used. The minimal media was then pre-warmed to 37°C. 3 overnights of LB (15 mL) of
the desired protein (Chapter 2.3.2) then had the cells harvested using a centrifuge (1000 g,
10 min, 4°C). The resulting pellets were then re-suspended in minimal media from the flask
(15 mL) and the minimal media and the universals containing the re-suspended pellets place
in an incubator (37°C, 180 rpm) for 30 minutes. The re-suspended pellets we then poured
into the minimal media flask and then incubated with shaking (180 rpm, 37°C) until an ODsgs
between 0.7 and 1 AU was achieved. To the flask was then added IPTG (0.5 mL, 1M) and
ampicillin (0.5 mL, 100 pug/mL). The flask was then incubated overnight (180 rpm 30°C) and
the ODsgs checked to ensure growth had occurred. The cell suspension was then centrifuged
(3000 g, 10 minutes, 4°C) and the resulting pellet collected and stored at -80°C.

Component Amount/g
Disodium hydrogen orthophosphate 6
Potassium dihydrogen orthophosphate 3

Sodium chloride 0.5
Magnesium sulphate 0.3
Calcium chloride dihydrate 0.015

Table 2.4: contents of minimal media. Made up in 1 L of MilliQ water.
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2.4 Protein Purification

2.4.1 Affinity Chromatography of GST-fusion Proteins

The protein pellet from 1 litre growth stored in the -80°C freezer was thawed in a room
temperature water bath and then suspended and transferred to a sonication flask using 5mL
of lysis buffer (Table 2.1) with the addition of DNase 1 (1 mg/ml) and protease inhibitor
(1:1000). The suspension was then sonicated at 10 microns for 10 cycles of 30s of sonication
followed by 30 s of rest. The resulting homogeneous suspension was then transferred to a
centrifuge tube with 4ml of lysis buffer and centrifuged (30000 g, 30 min, 4°C) and the
supernatant poured into a clean centrifuge tube and centrifuged again (35000 g, 30 min,
4°C) to give the clarified supernatant.

An empty P10 column was washed through with water and lysis buffer. A 1 mL aliquot of
Glutathione Sepharose 4B beads was then added which formed a layer at the bottom of the
column. This was then washed with water (10 mL) followed by lysis buffer (10 mL) to
remove excess ethanol and equilibrate the beads. The clarified supernatant was then
applied to the column and placed on a 360° rotator at 4°C for 1 hour to allow the GST
tagged protein to bind to the beads. The column was then drained of liquid and washed
with lysis buffer (2 x 10 mL) followed by cleavage buffer (10 mL). Thrombin (10 uL 5 units)
was then made up to 1ml using cleavage buffer (Table 2.1) and added to the column. The
column was then rotated (4°C, 14 hrs) to allow thrombin cleavage of the GST tag.

The protein was then eluted from the column. The column and the end caps were then
washed carefully with 1.5 ml of cleavage buffer to make a total of 2.5 ml of sample and
EDTA (40 uL, 0.5M) was added. The sample was then applied immediately to either a gel
filtration column or cationic column depending on the purification process to be used.

2.4.2 Cationic Column FPLC

A5 mLHiTrap™ SP HP cation exchange column (GE Healthcare) attached to an AKTA prime
system (GE Healthcare) was used for protein purification. The column was pre-equilibrated
with ion exchange buffer A (Table 2.1) and the protein sample made up to 50 mL with MilliQ
water was loaded via a 50 mL Superloop™ (GE Healthcare). The protein was then eluted in
10 mL fractions using a flow rate of 2 mL/min with a 0-15 % gradient of ion exchange buffer
B (Table 2.1) over 300 mL. By monitoring UV response protein containing fractions were
isolated and lyophilised.

2.4.3 Hi Trap Desalt FPLC

If the protein to be desalted had initially been purified by gel filtration then the 1 mL of
protein sample was loaded into a syringe with 1.5 ml of MilliQ used to wash the spin
concentrator and added to the protein solution resulting in 2.5 mL of protein sample. If the
protein had been purified using a cationic column then the lyophilised protein sample was
dissolved in 2.5 mL of MilliQ water. The 2.5 mL of protein sample was loaded onto a HiTrap
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Desalt column (GE Healthcare) on an AKTA prime system. The Desalt column consisted of
5x5ml columns and had been pre-equilibrated in ammonium acetate buffer (25 uM) and
washed sodium chloride (2 M). The sample was then run through at 0.5 ml/min with
fraction sizes of 10 ml. The UV out was monitored to see when the protein was eluted and
the conductivity checked to make sure the salt levels were low. The protein fractions were
then frozen at -80°C and freeze dried. Once dry the sample was then dissolved in water,
frozen again and then lyophilised. This water wash step was repeated twice to remove any
traces of ammonium acetate.

2.4.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-Page)

SDS-Page allows the separation of a mixture of proteins into distinct bands through allowing
denatured and reduced proteins to migrate through the polyacrylamide gel. As the charge
of the proteins is dependent on size when an electric field is applied the proteins are
separated.

The 15% Polyacrylamide resolving gels were poured using a casting system that was set up
as per the manufacturer’s instructions. Polyacrylamide gel solution (7 ml of stock 15%, Table
2.1) was mixed with freshly prepared ammonium persulfate (10 pl, 100 mg/mL, APS) and
tetramethylethylenediamine (10 ul, TEMED). The gel was then immediately poured into the
gel kit and levelled off with water. Once polymerisation had finished stacking gel was made
by combining stacking buffer (5 mL, Table 2.1), APS (30 ul) and TEMED (10 pl). This was then
poured on-top of the set gel and the lane comb inserted.

Gel samples were prepared in different ways depending on the sample by taking the
required amount of sample and adding the required amount of 2x loading buffer (Table 2.1).
Protein pellets were suspended in lysis buffer (300 pl) and sonicated. Soluble and insoluble
fractions were taken of the induced protein (10 ul) and 2X loading buffer added (20 pl). For
GST-affinity samples flow through (10 ul) was combined with 2X loading buffer (20 ul). Bead
samples were mixed with 2X loading buffer (50 ul). For samples from purification (gel
filtration and desalt) sample (10 pl) was mixed with 2X loading buffer (20 pl). All gel samples
after the addition of loading buffer were heated at 95°C for 5 minutes.

Samples were loaded onto the gel along with Sigma Low Molecular weight markers 6.5 kDa
to 66 kDa (for comparison purposes). The gel was run at 180 V in a cell containing 1x SDS
(Table 2.1) until the dye had reached the end of the gel and then stained with coomassie
blue. The gel was then rocked for 30 minutes, before being washed with distilled water and
then covered with destain. The sample was then rocked with destain until it was judged that
amount of dye remaining was enough to distinguish the bands from the background. A
digital photo was then taken.
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2.5 Biophysical Techniques

2.5.1 Mass Spectrometry

Mass spectrometry (MS) was used to determine the mass of protein samples, to check the
formation of protein-peptide complexes and binding stoichiometry and to carry out binding
competition experiments.

MS experiments were carried out on either a SYNAPT High Definition Mass Spectrometry
System (Waters) using electrospray ionization (ESI) with a quadrupole time of flight (qTOF)
mass analyser or a Bruker Impact Il mass spectrometer (Bruker Daltonics) using ESl and a
gTOF mass analyser. Values for settings used on the SYNAPT and Bruker Impact Il are given
in Table 2.5 and Table 2.6 respectively.

Setting Value
lon Mode positive
Capillary voltage 2.5 kv
Cone voltage 40V
Trap CE 8V
Transfer CE 5V
Backing pressure ~3.8 mbar
Trap pressure 2.1 x102 mbar
Acquisition range 500 to 4000 m/z

Table 2.5: Values for settings on SYNAPT MS.

Setting Value
lon Mode positive
Cone voltage 2.5 kv
Mass range 500 to 3000 m/z
Temperature 150°C

Table 2.6: Values for settings on Bruker Impact Il MS.

2.5.1.1 Data Acquisition

Samples were made up of varying concentrations of lyophilised protein and peptide in
ammonium acetate (25 mM) and were loaded into a syringe. These were then injected into
the MS by direct infusion using a 100 uL syringe on a syringe pump set at a rate of 180-250
uL/min depending on the sample concentration.

2.5.1.2 Data Processing

Data processing was carried out using mestrenova (Mestrelab Research). For protein
competition experiments the sum of the intensities of the peaks for the bound and unbound
protein were calculated for each protein present. The ratio of the bound to unbound was
then calculated which then allowed comparison of binding affinities between the proteins.
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2.5.2 Nuclear Magnetic Resonance

Nuclear Magnetic resonance (NMR) experiments were carried out on a Bruker AV(111)800
(Bruker) spectrometer with a QCl cryoprobe. Samples were loaded into the spectrometer
and allowed to equilibrate to 298 K before standard setup of tuning and matching, lock,
shimming and calibration of 90° H transmitter pulse. Standard Bruker pulse sequences with
water suppression were used for all experiments.

2.5.2.1 Sample Preparation

Samples for standard analysis were prepared by dissolving the required amount of
lyophilised protein in NMR buffer (600 uL, Table 2.1). The resulting sample was then
centrifuged (13,000 g, 10 min) and carefully pipetted into an NMR tube to ensure a
homogenous sample.

For NMR titrations two samples were prepared, the unbound and the bound. The required
amount of protein was dissolved in NMR buffer (600 uL, Table 2.1) to form a stock. For the
unbound sample half of the stock was diluted with NMR buffer (300 uL). For the bound
sample, 2 equivalents of LIR peptide was dissolve in NMR buffer (300 uL; Table 2.1) and 300
UL of the stock solution then added. These samples would then constitute the start and end
point of the titration. Once these had been run portions of the protein sample were then
removed and replaced with the 2:1 stock solution to give different ratios of protein to
peptide for points in the titration. An example of the points and concentrations of a
standard titration with 250 uM of protein is given in Table 2.7.

Point Protein LIR peptide Equivalents of LIR peptide
Concentration/uM concentration/ uM to protein

0 250 0 0

1 250 25 0.1

2 250 50 0.2

3 250 75 0.3

4 250 100 0.4

5 250 125 0.5

6 250 150 0.6

7 250 175 0.7

8 250 200 0.8

9 250 225 0.9

10 250 250 1

11 250 500 2

Table 2.7: Points used for a standard titrations of ATG8 protein with LIR peptide.
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2.5.2.2 Data Acquisition
Proton

'H NMR experiments were carried out with 64 scans, using 32K points and a relaxation delay
of one second. The transmitter frequency was set to be the frequency of water in the
sample and the experiment was run with a spectral width of 15 ppm. Water suppression
was carried out using excitation sculpting.

The pulse program used was zgesgp, which used a 2 ms 180 degree shaped pulse
(Squa100.1000) and gradients (SMSQ10.100) set to 31% and 11% for GPZ1 and GPZ2
respectively. Power levels were then set based upon the 90 degree pulse calculated in the
initial setup experiment.

Heteronuclear Single Quantum Coherence (HSQC)

1H-15N HSQCs were acquired with varying numbers of scans depending on the concentration
of the sample. The transmitter frequency was set to the water peak and 2k points with a
spectral width of 16 ppm were used in F2. The number of points in F1 was varied from 64 to
256 points depending on the quality of data required and the sweep width and transmitter
frequency were set according to the protein being run. Water suppression was carried out
using a watergate sequence.

HSQC data was obtained using the standard Bruker pulse program hsqccfpf3gpphwg. A
proton-nitrogen coupling constant (CNST4) of 90 Hz was used and a relaxation delay of 1 s
was set. The shape pulse used was a 1 ms squal00.1000 and the gradients were set to 50%,
80% and 30% for GPZ3, GPZ4 and GPZ5 respectively. For 15N decoupling garp4 was used
with PCPD3 set to 269.43 us. All powers were then calculated from the 90 degree pulse
obtained earlier.

Triple Resonance Backbone Assignment

To allow the assignment of the backbone amides in the *H->N HSQC a series of 3D
experiments were used. These were carried out on *3C and N isotopically enriched protein
samples. The experiments carried out were HNCO, HN(CA)CO, HNCA, HNCACB, HN(CO)CA
and HN(CO)CACB.

The number of scans used was based upon the concentration of the sample and the spectral
widths and transmitter frequencies were set in F1 and F2 to those used to obtain a *H-°N
HSQC for the sample. The number of points in F1 and F2 were set 2k and 32K respectively.
Values for the settings for the various 3D experiments are given in Table 2.8.
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HNCO and HN(CA)CO

Experiment HNCO HN(CA)CO
Pulse program hncogpwg3d hcaconhgp3d
13C Transmitter frequency 176 ppm 176 ppm

13C spectral width 22 ppm 22 ppm

13C points used 64 64

5N points used 40 40

'H 90 degree shaped pulse

1 ms, Squal00.1000

1 ms, Squal00.1000

'H decoupling

60 ps, waltz65

60 ps, waltz65

SP8 = Q5tr.100

CO offset NA 176 ppm
C-alpha offset 54 ppm 54 ppm
13C 90 degree shaped pulse | 240 ps 240 ps

SP2 =(Q5.1000 SP2 =Q5.1000

SP8 = Q5tr.100

13C 180 degree shaped pulse

192 ps, Q3.1000

192 ps, Q3.1000

5N decoupling

269.43 ys, garp4

269.43 ps, garp4

Gradients SMSQ10.100 SMSQ10.100
GPZ1 =50% GPZ1 =50%
GPZ2 = 40% GPZ2 = 40%
GPZ3 = 60% GPZ3 = 60%
GPZ4 = 30% GPZ4 = 30%

HNCA and HN(CO)CA

Experiment HNCA HN(CO)CA

Pulse program hncagpwg3d hncocagpwg3d

13C Transmitter frequency 54 ppm 54 ppm

13C spectral width 32 ppm 32 ppm

13C points used 64 64

5N points used 40 40

'H 90 degree shaped pulse

1 ms, Squal00.1000

1 ms, Squal00.1000

'H decoupling

60 ps, waltz65

60 ps, waltz65

SP8 = Q5tr.100

CO offset 176 ppm 176 ppm
C-alpha offset NA 54 ppm
13C 90 degree shaped pulse | 240 ps 240 ps

SP2 =Q5.1000 SP2 =Q5.1000

SP8 = Q5tr.100

13C 180 degree shaped pulse

192 ps, Q3.1000

192 ps, Q3.1000

>N decoupling

269.43 us, garp4

269.43 ps, garp4

Gradients

SMSQ10.100
GPZ1 =50%
GPZ2 = 40%
GPZ3 = 60%
GPZ4 = 30%

SMSQ10.100
GPZ1 =50%
GPZ2 = 40%
GPZ3 = 60%
GPZ4 =30%
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HNCACB and HN(CO)CACB

Experiment HNCACB HN(CO)CACB

Pulse program hncacbgpwg3d hncocacbgpwg3d

13C Transmitter frequency 39 ppm 39 ppm

13C spectral width 75 ppm 75 ppm

13C points used 64 64

5N points used 40 40

'H 90 degree shaped pulse 1 ms, Squal00.1000 1 ms, Squal00.1000

'H decoupling 60 ps, waltz65 60 ps, waltz65

CO offset 176 176 ppm

C-alpha offset NA 54 ppm

C-aliphatic offset NA 39 ppm

13C 90 degree shaped pulse | 240 ps 240 ps
SP2 =Q5.1000 SP2 =Q5.1000
SP8 = Q5tr.100 SP8 = Q5tr.100

13C 180 degree shaped pulse | 192 ps, Q3.1000 192 ps, Q3.1000

5N decoupling 269.43 ps, garp4 269.43 s, garp4

Gradients SMSQ10.100 SMSQ10.100
GPZ1 =50% GPZ1 =50%
GPZ2 = 40% GPZ2 =40%
GPZ3 =60% GPZ3 =60%
GPZ4 =30% GPZ4 =30%

Table 2.8: Values for settings for triple resonance NMR experiments.

2.5.2.3 Data Processing

Raw data was processed using topspin 3.5 or topspin 4. All data was zero filled by a factor of
2. For 1D proton data an exponential function was used with a 2 Hz line broadening and for
2D and 3D data a shifted sine bell (SSB) window function was applied. Forward linear
prediction was used in the N and 3C dimensions for 2D and 3D data sets.

2.5.2.4 Assigning backbone amides in the *H-1°N HSQC spectrum using CcpNmr Analysis

The backbone amides in the 'H-1>N HSQC were assigned by first linking the amide NH peaks
in the HSQC to carbon peaks for the amino acid in the 3D data [124]. Then by linking the
carbonyl, C; and Cp peaks in the forward (HN(CA)CO, HNCA and HNCACB) and reverse
(HNCO, HN(CO)CA and HN(CO)CACB) it is possible to work out which sets of peaks belong to
amino acids that are next to each other within the protein [125-129].

The linking of the amino acids required all 3 sets of complimentary 3D NMR experiments to
maximise the chance of being able to find the matching carbon peaks in the forward and
backward spectra. How the magnetisation is transferred along the amino acid backbone of
the protein is shown in Figure 2.4.
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HNCACB

HN(CO)CACB

Figure 2.4: Magnetisation transfer for triple resonance backbone assignment NMR
experiments. Nuclei coloured in green give signals in the 3D NMR spectrum.

However, the linking of peaks can be challenging when peaks are missing due to low signal
to noise or protein dynamics. Whilst the CACB experiments gave the most useful
information, the sensitivity was much lower than that of the carbonyl and CA experiments,
and CB peaks can be missing. This could sometimes be improved by running longer
experiments, or CACB experiments that were optimised to show the CB peak.

To enable the linking of peaks CcpNmr analysis [130] was used. Once the spectra had been
imported CcpNMR facilitates the linking of peaks to spin systems, by first picking the peaks
in the *H-1>N HSQC spectrum and assigning them to a spin system. By then selecting each
spin system it is possible to navigate to the same proton and nitrogen frequencies in the 3D
spectra and link peaks for carbonyls, carbon alpha and carbon beta to the spin system. Each
spin system then has the carbonyl, carbon alpha and carbon beta for the current amino acid
(/) and the preceding amino acid (i-1) associated with it. Using the software it is then
possible to link spin systems. On selecting a spin system the i peaks for the amino acid are
displayed and then the software presents a series of matches for the carbon frequencies
which are the i-1 for other spin systems (Figure 2.4). By then looking at this selection it is
possible to select the peaks that best match and then link spin systems.

However, this is not always as simple as it appears as sometimes the software does not pick
up matches and so looking through spectrum at a certain frequency is required. Also not all
peaks appear in the spectrum and so it is not always possible to link all spins systems and so
gaps appear in the sequence.
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Once links had been made between peaks in the NMR data it was then possible to identify
the type of amino acid the spin system was. All amino acids have a range of chemical shifts
over which the CA and CB is expected to appear and by using certain amino acids that have
very indicative chemical shifts it is then possible to get a foothold on the sequence. Alanine,
glycine and serine and threonine all have chemical shifts that are very distinctive and so
relatively easy to spot in the CACB 3D spectrum and hence know the type of amino acids the
spin system corresponds to. Alanine contains a methyl CB and so the peaks appears at a
much lower ppm value than the rest of the amino acids (most of the time). Glycine only has
one peak which as a CA and a CH2 has a different phase to the other CA (the CACB
experiments are multiplicity edited) and appears at a frequency in-between the CA and CB.
Finally serine and threonine contain a CB that is downfield from the CA. Some examples of
these ppm shifts are for these 3 amino acids are given in Figure 2.5.
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Figure 2.5: Example 13C CA and CB chemical shifts of alanine, glycine, serine and
threonine amino acids. Data Shown is from a HNCACB experiment.

With these amino acids identified in the linked peaks it is then possible to compare these
partially identified amino acid sequences to the sequence of LC3B and see where they
match. By then also looking at the chemical shifts for the unidentified amino acids and
eliminating types of amino acid they can’t be it is then possible to assign the peaks to the
sequence of LC3B.
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2.5.2.5 Analysis of titration data

To analyse the data produced by titrating the LC3 proteins with the various LIRs (Chapter
2.5.2.1) the individual *H->N HSQC spectrum for the points in the titration were imported
into CcpNmr analysis. The amide backbone assignment for the protein was then copied to
the zero point. Using the copy resonance facility in the software it was then possible to copy
the assignment to the end point by following the peak in the *H-1°>N HSQC spectrum as the
peptide concentration was increased. However, this was not always as easy as following a
peak as the ligand was titrated with the protein depending on the rate of exchange.

The exchange regime depends on the rate of the ligand binding and dissociating from the
protein and for a ligand binding reversibly to a single site the dissociation constant is equal
to

Equation 2.1

Where [P] and [L] are the concentration of free protein and ligand respectively and [PL] is
the concentration of protein-ligand complex. The dissociation constant kq can then be
thought of as the concentration of ligand to saturate half the binding sites. The forward and
back rates are then [P][L]kon and [PL]koff respectively which at equilibrium when the rates
are equal gives the following equation for the dissociation constant

Kofr

K, =
7 Kkon

Equation 2.2

So depending on the rate the protein is dissociating leads to different exchange regimes in
the *H->N HSQC as the ligand is titrated and hence how the peaks behave as the ligand
concentration increases.

The 3 exchange regimes the peaks in the 'H-1>N HSQC can undergo are fast, intermediate
and slow. If koff is much greater than the difference in Hz between the chemical shifts of free
and bound protein then the signals will move smoothly from their positon in the free
spectrum to the bound as the titration is carried out. This is fast exchange.

When the exchange rates are similar to the chemical shift difference, the signals broaden
and shift at the same time. This is intermediate exchange, which leads to peaks undergoing
a mixture of the characteristics of slow and fast exchange. The peak may move smoothly for
the first few point in the titration until it broadens out and the moves to the position of the
bound protein. This broadening of the peak often means that the peak is lost in the noise,
and hence following the peak in the titration can be very difficult.

Finally when kofsis slower than the difference in chemical shifts the unbound signal gradually
decreases in intensity, whilst the bound peak appears and increases in intensity (the
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intensity of the peak is relative to the amount of the species present). This is slow exchange.
This leads to seeing two peaks in the titration HSQC spectrum, one for the free protein and
another for the bound. As the titration progresses the intensity of the free protein peak
decreases as the bound peak increases until the end point is reached and only the bound
peak remains. Peaks undergoing slow exchange can be extremely difficult to assign as if
there is a large change in the chemical shift for the peak of the bound protein then following
the peak in the titration is not possible.

Some examples of peaks undergoing the different exchange regimes are shown in Figure
2.6.
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Figure 2.6: Examples of exchange regimes of peaks in a *H->°N HSQC whilst carrying out a
titration of LC3B with NBR1 LIRs. Peaks are shown exhibiting fast (A), intermediate (B) and
slow (C) exchange. Start and end points of titration are indicated.

2.5.2.6 Determination of Chemical Shift Perturbations

With the start and end points HSQCs assigned the next step was to calculate the chemical
shift perturbation (CSP) for each peak so as to give a value for the magnitude of the change

each amide undergoes on binding [131].

[62 + (1.4.5%)]

N =

CSP =

Equation 2.3

CSPs were calculated using Equation 2.3 where &4 and 6y were the difference in chemical
shift between the free and bound peaks for the proton and nitrogen dimension respectively.

36



With the CSPs calculated it was then important to analyse the data carefully so as to
determine which changes were significant and hence important for defining the binding site.
It is important to use a defined way to calculate a cut off for significance so as to not unduly
influence the location of the binding site to a desired result by setting arbitrary value.

Cutoff = p+x.0
Equation 2.4

The cut off value for significance was calculated using Equation 2.4 where [ is the mean of
the CSPs for all the peaks in the HSQC and o the standard deviation. The value x was then
set depending on the level of significance to be achieved. For the purpose of visualising the
binding site on the protein surface x was set to 0. For then focusing in on residues that
played the most significant part in the binding values of 1 and 2 were used.

2.5.2.7 Generating hATG8 — LIR structure with HADDOCK

Structures of the LIR peptides binding to the hATGS8 proteins were generated with HADDOCK
webserver [123]. HADDOCK uses standard energetics and shape complementarity for
structure calculation of molecular complexes. It can also incorporate experimental data as
restraints to guide the docking of ligands onto proteins. HADDOCK uses ambiguous
interaction restraints (AIRs) to translate raw data such as NMR CSPs into distance restraints.
These AlRs are separated into two categories: active and passive. Those that are active are
considered to be directly involved in the interaction and passive residues are considered to
be surrounding surface residues. When carrying out the simulation the active residues are
restrained to be part of the docking interface or else incur a scoring penalty. Passive
residues are of less importance and if missing from the binding interface there is no penalty.

When using HADDOCK for this project the first step was to provide structures for the hATG8
and LIR in PDB format. For the hATGS8 protein complex the active residues were defined to
be those amino acids on the front face of the hATGS8 that had the largest peak shifts in the
'H-15N HSQC (larger than the mean and two standard deviations) or those that could not be
assigned in the titration end point. The passive residues were then set as the other
significant shifts (larger than the mean and one standard deviation). For the LIR peptide the
active residues were set to be the aromatic and hydrophobic amino acids in the LIR and no
passive residues were selected.

Once the HADDOCK run has started the first step will then generate 1000 models through
rigid body energy minimisation. At this point the AIRs are included in the energy function
and have a large effect on the complexes generated. These are then refined to the best 200
based on energetics when flexibility is introduced to the interface followed by water.

These remaining structures are then grouped into clusters based on similarity and assigned
a score which is the average score of the top 4 structures in each cluster. This score reflects
the van der Waals energy, intermolecular electrostatic energy, desolvation energy and the
AIR energy. Using these scores it is then possible to select the top scoring cluster and
interpret the structure generated.

37



HADDOCK is an extremely useful tool for generating possible structures for the protein
interactions. However, care needs to be taken when viewing the results to remember, that
whilst the structures generated are potentially how the proteins dock that this might not be
the case. Due to HADDOCK being very dependent on the AIRs used, it is possible to heavily
influence the initial set of structures generated. If a very strict set of AIRs is used there is
then very narrow sampling on the subsequent energy refinement process, which will lead to
very similar structures. Whereas a sparser set of restraints can give very different solutions.

For the purpose of this project HADDCOK will be used as a tool to visualise how the LIRs are

potentially docking onto the hATG8s which will help interpret the CSPs observed in the NMR
titrations.
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Chapter 3

3. Producing the ATG8 Proteins and the Mutants of LC3B

To enable the study of the interaction of human ATG8 (hATGS8) proteins with various LIRs, a
number of different proteins were produced both as unlabelled and as *3C and **N
isotopically enriched proteins. The production of the various proteins was split into two
separate pieces of work, the first being the production of LC3B, and a number of mutants of
LC3B to probe the interaction with the LIRs of NBR1. The second part was changing the
plasmid containing the hATG8 proteins and then expressing and purifying these for study
against the LIRs of NBR1

3.1 Mutants of LC3B

Previous work within the Searle group had produced the full length LC3B WT (125aa) and a
number of mutants of this full length LC3B. Whilst this full length protein is not the
biologically active form of LC3, which is a truncated (120 aa) and conjugated to a lipid as
part of the membrane of the autophagosome, it was felt this would be the most appropriate
form to use. Carrying out the MS and NMR experiments planned on the membrane bound
form would be difficult if not impossible, and it was hoped that by using the 125 amino acid
version, that the extra amino acids at the C-terminal would go some way to replicating the
extension seen of the truncated version conjugated to the lipid. This form is also the one
that is widely studied in the literature.

The mutants produced were a binding site mutant LC3B KL (K51A, L53A) and a
phosphorylation mimic mutant LC3B T29D. The LC3B KL binding site mutant contained a
double mutation with both Lys51 and Leu53 changed to alanine. Both these residues sit on
the front face of LC3B near HP1 and so their mutation should have a large effect on the
binding interaction with the LIRs. As these residues are on the surface of the LC3B, the
effect on the 3D structure should be minimal. These mutations are on the central beta sheet
of LC3B surrounding the first hydrophobic pocket into which the LIR’s aromatic residue sits
(Figure 3.1). This modification of HP1 would alter the binding of the LIRs, investigating the
importance of the aromatic residue, and allow further study of the effect the amino acids
preceding the aromatic residue have when binding to the hATGSs.
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Figure 3.1: 3D structure of LC3B showing the location of the KL mutation in relation to the
hydrophobic pocket and p62 LIR.

The LC3B T29D phosphomimetic mutant would act as another binding site mutant. There
are a number of phosphorylation sites on LC3B that have previously been discovered at
Thr6, Ser12 and Thr29 [120, 121]. Of these sites Thr29 was chosen due to it being located at
the top of the alpha helix that sits next to the central beta sheet that forms HP1 and also
due to its proximity to HP2 (Figure 3.2). Acommon method to examine phosphorylation
when using E. coli overexpressed protein, is to mimic the effect by mutating the residue to
aspartic acid [132, 133]. LC3B T29D does not completely replicate phosphorylation at a site
due to the differences in size and number of oxygen’s. However, it does provide an
accessible experimental tool to gain insight into the possible mediation of LIR interaction by
phosphorylation.

Figure 3.2: 3D structure of LC3B showing location of Thr29 in relation to the hydrophobic
pockets and p62 LIR.
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The WT LC3B and its two mutants produced would contain an extra 5 amino acids (GSPNS)
at the N-terminus due to the linker present for the GST-tag. However, it was felt that this
was a minimal extension and should have no effect on the binding due to its location.

3.2 Modification of the ATG8 Proteins

Plasmid containing the 6 hATGS8 protein gene was supplied by Prof. Robert Layfield
(University of Nottingham Medical School, QMC). Upon transforming the plasmid into C41
cells (Chapter 2.3.8) initial large scale protein over-expression (Chapter 2.3.11) showed
expression bands for LC3A and LC3B (Figure 3.3). However, during cleavage of the GST with
Tobacco Etch virus (TEV) the protein became insoluble and impossible to purify further.
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Figure 3.3: SDS PAGE for LC3A and LC3B 1L over-expression in LB; lane annotations: M =
marker, 1 = LC3A uninduced, 2 = LC3A after induction - total, 3 = LC3A after induction —

soluble, 4 = LC3B uninduced, 5 = LC3B after induction - total, 6 = LC3B after induction —

soluble. Expression bands for LC3A and LC3B are circled in orange.

As LC3B had successfully been produce using the pGEX4T-1 plasmid all the hATGS8 proteins
were cloned onto the pGEX4T-1 vector which would then allow purification of the protein
through removing the GST tag with a thrombin cleavage site.

To enable this transformation between plasmids the correct restriction sites would have to
be added to the sequence in the pETM30 plasmid to allow the protein to be introduced into
the correct part of the pGEX4T-1 for the thrombin cleavage site (Figure 2.1). The sites
decided upon were the Xhol and BamH| as this would then leave a minimal extension of
glycine and serine on the N-terminus of the hATG8 which should then not have any effect
on the binding studies to be carried out.

To introduce the cut sites primers were designed (Table 3.1) and the hATGS8 containing
pPETM30 plasmids subjected to site directed mutagenesis (Chapter 2.3.5).
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Protein Cut Site Primer
LC3A BamHI| CGCGGATCCATGCCCTCAGACCG

Xhol GCGATCCGCTCGAGTCAGAAGCCGAAGGTTTC
LC3B BamHI| CGCGGATCCATGCCGTCGGAGAAGACC

Xhol GCGATCCGCTCGAGTTACACTGACAATTTCATC
LC3C BamH| CGCGGATCCATGCCGCCTCCACAGAAAATC

Xhol CGCTAGGGCTCGAGTTAGAGAGGATTGCAGGG
GABARAP BamH| CGCGGATCCATGAAGTTCGTGTACAAAG

Xhol GCGATCCGCTCGAGTCACAGACCGTAGACAC
GABARAPL1 BamH| CGCGGATCCATGAAGTTCCAGTACAAG

Xhol GCGATCCGCTCGAGTCATTTCCCATAGACACTC
GABARAPL2 BamH| CGCGGATCCATGAAGTGGATGTTCAAG

Xhol GCGATCCGCTCGAGTCAGAAGCCAAAAGTGTTC

Table 3.1: Primers used to introduce Xho! and BamHI cut sites into hATGS8 containing

pETM30 plasmid.

The resulting PCR processed plasmid was then cut using Xho/ and BamH| restriction
enzymes. The cut DNA was then run on an agarose gel (Chapter 2.3.7) to confirm the
presence of cut DNA and to separate it from the remaining plasmid DNA (Figure 3.4).
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0.5 kb

2 3 4

Figure 3.4: Agarose Gel showing cut DNA from pETM30 plasmid; lane annotations M =
marker, 1 = LC3A, 2 = LC3C, 3 = GABARAP, 4 = GABARAPL1.
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The bands for the cut DNA were the cut out of the agarose gel and purified using a gel
extraction kit (Qiagen, QIAquick Gel Extraction Kit)). The extracted DNA then underwent
ligation with a stock of pre-cut pGEX-4T-1 plasmid (Chapter 2.3.6) and the resulting plasmid
was transformed into XL1 blues (Chapter 2.3.8). Colonies from the agar plates were then
grown and plasmid DNA extracted (Chapter 2.3.9) and submitted for DNA sequencing
(Chapter 2.3.10). Unfortunately on analysis of the DNA sequencing it was found that only
plasmid was present and so the pre-cut plasmid had closed under ligation conditions
without inserting the DNA for the hATGS8 proteins. The digestion and ligation step was then
repeated with the extracted cut DNA. However, this time uncut pGEX-4T-1 plasmid was
produced fresh using the same Xhol and BamHI enzyme digest as the PCR product.
However, again after work up and sequencing only closed plasmid without the DNA for the
hATG8s was produced. At this point due to time constraints Dr Jed Long from the Searle
group optimised the conditions for the enzyme digest and ligation of the cut hATG8 DNA
with the pGEX-4T-1 plasmid and produced plasmid for all the hATGS8s. These were then
transformed into C41 DE3 E. coli cells (Chapter 2.3.8).

Initial test growths for the hATGS8 proteins were carried out using 20 mL of LB in universals
and after induction were incubated at 30°C. These showed expression bands for the
proteins (Figure 3.5) and so large scale protein overexpression could proceed.

12345 M 12345 M12345 12345
LC3B LC3C GABARAP  GABARAPL1

Figure 3.5: SDS PAGE gel of hATGS test growths for LC3B, LC3C, GABARAP and
GABARAPLL. Labels for lanes are as follows: M= marker, 1=uninduced, 2=total cell lysate,
3 hours after induction, 3=soluble cell lysate, 3 hours after induction, 4=total cell lysate, 21
hours after induction and 5=soluble cell lysate, 21 hours after induction. Band of interest
is indicated with red arrow.
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3.3 Protein Production and Purification

LC3B mutant and hATGS8 proteins were produced by first putting on samples of LB
containing the desired construct and leaving them to grow overnight (Chapter 2.3.2) and
subsequently transferred to fresh media and grown on (Chapter 2.3.11). Initial growths
carried out in minimal media with only ammonium chloride, glucose and ampicillin gave
poor yields of protein. However, after trying to vary a number of conditions (temperature of
incubation, amounts used), it was found that the addition of vitamins and trace elements
improved the yields of protein produced to amounts that would be expected for expression
in minimal media.

There were also issues with the large scale growths not growing and hence not producing
any protein. The growths would reach an optical density 0.5-0.7 AU which was the range
that had been used with previous proteins grown in the group to trigger induction.
However, on induction the E. coli would fail to grow any further and no protein would be
produced. It was found that by increasing the density of E. coli before induction from the
usual 0.5-07 AU to 0.7 — 1.0 AU that the E. coli would continue to grow overnight and
produce protein. The cells in the growths were harvested and stored for future purification.

Pure protein was then obtained by first separating the GST-tagged protein from the E. coli
cells using affinity chromatography followed by thrombin cleavage of the GST tag leading to
the protein being collected (Chapter 2.4.1). This soluble protein with some impurities was
then further cleaned.

Whilst previous work within the Searle group had used fast protein liquid chromatography
(FPLC) with gel filtration to purify the LC3B mutants this method had still left impurities
within the sample. To improve the protein purification process it was decided to use ion
exchange chromatography instead. Firstly the isoelectric point (pl) for the proteins was
calculated so as to determine what type of column would be best suited for the purification
and the pH of the buffer to be used. The pls of all the hATGS8 proteins were calculated (using
ExPASy ProtParam[134]) and found to be greater than 8 for all proteins. Thus if the buffer
used had a pH of 7 then the protein would be positively charged and a cationic column
could be used. A HiTrap™ SP column was selected which use sulfopropyl groups as the
negative stationary phase. The protein was loaded and a salt gradient could be run which as
the positive charge in the buffer increased would overload the cationic column until the
protein was released. Using the method in Chapter 2.4.4 pure protein was collected. An
example trace for the ion exchange chromatography is shown in Figure 3.6
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Figure 3.6: lon exchange chromatogram of IC3B T29D. Azsois shown in blue, and
conductivity in red. The protein of interest is indicated by the red arrow.

The protein containing fractions were isolated and then lyophilised. The resulting samples
contained large amounts of salt due to the nature of the ion exchange purification and
would therefore not be suitable for NMR and MS analysis. To remove the excess salt FPLC
was again used with a desalt column attached (Chapter 2.4.4). An example trace of the
desalt process is given in Figure 3.7.

Figure 3.7: Desalt chromatogram of LC3B KL. Azg0is shown in blue, and conductivity in red.

This yielded pure lyophilised protein in varying quantities. Whilst non-isotopically labelled
protein samples of LC3A, LC3B and the LC3B mutants tended to produce between 10 to 15
mg of protein the yields for the other hATG8s proteins was considerably less. LC3C would
produce approximately 5 mg of protein per litre of LB media and the GABARAPS only 1-2
mg. This was enough for the experiments that were to be carried out initially and so
although there was some discrepancy between the yields of hATGS8 protein it was decided
not to look at further optimisation due to time constraints. However, for any future work it
would be recommended to look closer at these yield discrepancies. For isotopically labelled
samples of LC3A and LC3B between 5 — 6mg of protein was produced.
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SDS Page Gels were run (Chapter 2.4.4) to check new purifications and when there were
problems with the purification. An example of this is shown for LC3B T29D in Figure 3.8
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Figure 3.8: SDS PAGE gel monitoring the various steps in production and purification of
LC3B T29D. Labels for lanes are as follows: M=marker, 1 = uninduced, 2 = after induction -
total, 3 = after induction - soluble, 4 = cleaved protein from column, 5 = supernatant after
cell extraction and 6,7,8 = protein containing fractions from ion exchange column.

3.4 Initial Analysis of the hATGS8 Proteins

With the hATGS8 proteins successfully produced it was important to do some initial analysis
of the proteins to confirm the samples were the correct mass, did not contain large
impurities and that the protein was folded and had not become denatured during the
purification process. MS and NMR were used to perform this initial analysis.

3.4.1 Initial MS of the hATGS8 Proteins

Mass spectrometry is a widely used tool for accurate mass determination and
characterisation of proteins. The use of Electrospray ionisation (ESI) a “soft” ionization
technique allows the production of intact folded protein ions from large biomolecules in
solution [135, 136]. For the initial analysis of the hATG8 proteins ESI-MS would be able to
confirm an accurate mass for the native protein and determine whether the protein was in
its native state or denatured. If the protein was in its native state (folded) there would only
be a few peaks present in the mass spectrum representing charge states of the protein.
However, if the protein was denatured/unfolded there would be considerably more peaks
as greater areas of the protein would be accessible and hence more charge states would be
available. An example of native and denatured protein is given in Figure 3.9. It would also
give some information on whether there were any major impurities present within the
sample.
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Figure 3.9: Example of native MS spectrum of LC3B (A) and denatured (B).
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The MS spectra of the hATG8 proteins and mutants showed a number of peaks for the
protein corresponding to the different ionisation states of the protein. In general for the
hATGS proteins the +9, +8, +7 and +6 states were most prevalent. The exception to this was
LC3C which has an extended unstructured N- and C-terminal and contained more peaks in
the MS spectrum due to the increased number of charge states available. The masses
obtained for the hATG8 and LC3B mutant proteins are given in Table 3.2. MS spectrum for
the other proteins produced are given in Appendix B.

Protein Mass of Mass from Native Charge
protein MS States

LC3B WT (initial 15131.4 15130.37 +8(1892.4)
construct) +7 (2162.4)
+6 (2523.8)
LC3B KL 15032.2 15031.18 +8(1879.9)
+7 (2148.3)
+6 (2506.2)
LC3B T29D 15329 15327.99 +8(1917.0)
+7 (2190.7)
+6 (2555.7)
LC3A 14416.6 14418.18 +8(1803.0)
+7 (2060.4)
LC3B 14832.2 14834.43 +8 (1855.3)
+7 (2120.0)
LC3C 16995.7 16994.02 +11 (1546.0)
+10 (1700.6)
+9 (1889.5)
+8 (2125.4)
+7 (2428.7)
+6 (2833.1)
GABARAP 14062.2 14062.15 +8(1759.2)
+7 (2010.4)
+6 (2344.8)
GABARAP-L1 14188.2 14189.81 +8(1774.5)
+7 (2028.2)
GABARAP-L2 13811 13812.72 +8(1727.6)
+7 (1974.5)

Table 3.2: Masses of hATG8 proteins from MS data.

3.4.2 One Dimensional NMR of the hATGS8 Proteins

Although the 1D proton NMR of proteins are too complex for it to be possible to assign
peaks to particular protons in the protein they can be a useful diagnostic on the state of the
protein being analysed. If the protein is folded then the dispersion of peaks in the spectrum
will be much greater than that of an unfolded protein. This is due to the large effect
secondary structure has in creating a much larger number of environments that the protons
can reside in. As well as giving a good indication as to whether a protein is folded a *H
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spectrum indicates if there are any large impurities in the sample (as long as they contain
protons) and whether the concentration you think you have is sensible or if in fact there is a
lot less protein in the sample. Finally by looking at the resolution of the spectrum it is
possible to infer some information about the dynamics of the system.

'H proton NMR were acquired as stated in Chapter 2.5.2.2 for the LC3A, LC3B, LC3C and
GABARAP. Due to the low yield of protein for GABARAPL1 and GABARAPL2 and the
requirements for running MS experiments 'H spectra were not acquired for these proteins.
An example *H spectrum is shown in Figure 3.10 with the regions of interest highlighted.
Spectra for the other proteins are in Appendix A.
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Figure 3.10: 'H NMR of LC3B.

3.5 Conclusion

3.5.1 LC3B Mutants

The three proteins LC3B proteins, LC3B WT (initial construct), LC3B KL and LC3B T29D all
expressed well under standard conditions and after purification produced good yields of
pure protein. Subsequent analysis with NMR and MS confirmed that the proteins were
folded and the correct mass.
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3.5.2 ATGS8 Proteins

Initial work to produce protein using constructs provided in pETM30 plasmid appeared to be
initially successful, with over expression being seen in the SDS page gels. However,
purification of the proteins was not possible and so the plasmid used was changed. On
transforming the ATG8 proteins into pGEX4T-1 plasmid over expression and purification of
the protein was then possible. The protein was produced with reasonable yields, and MS
experiments confirmed the mass and purity of the protein samples. NMR experiments then
confirmed that the protein was folded (except for GABARAPL1 and GABARAPL2 where it was
not possible to obtain a spectrum). In conclusion the proteins required for the interaction
studies were produced in large enough quantities for the proposed MS and NMR
experiments.
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Chapter 4

4. Probing Binding Selectivity of hATG8s with the LIRs of NBR1

This chapter investigates the binding preference of the two LIRs of NBR1 with LC3B mutants
and hATGS proteins using mass spectrometry (MS). It will initially confirm the binding of the
two LIRs of NBR1 to the LC3B mutants and hATG8 proteins. With binding confirmed MS
competition experiments will then be used to identify which protein if any, binds
preferentially to the NBR1 LIRs.

NBR1 contains two LIR sequences which is unique amongst the cargo adaptor proteins. The
LIRs are dissimilar in the amino acids that make up the classic recognition motif. They have
different aromatic (Xo) and hydrophobic (X3) residues with LIR1 containing tyrosine and
isoleucine in these positions, and LIR2 has phenylalanine and leucine. A large number of
known LIRs have acidic residues preceding the aromatic residue which is true for LIR1.
However, whilst LIR2 does contain an acidic residue at position X4 (Figure 4.1), this is not
directly preceding the aromatic, where the acidic residues traditionally sit. Due to the
difference in sequences it is likely that the two LIRs have different preferred binding
partners, and are used for different roles within selective autophagy.

S A S S e | l.e L P E
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Figure 4.1: Sequences for LIRs of NBR1 (LIR1 top and LIR2 bottom). Amino acids that bind
to the hydrophobic pockets of LC3B are shown in red and residues that directly precede
the aromatic residue are shown in green.

There are two sub families of hATGS8 protein, the LC3s and GABARAPs, and whilst they share
structural features, and the LIR binding site is the same across the hATGS8 family, there is low
sequence alignment between the two subfamilies. Even within the LC3 and GABARAP sub
families there are some large differences. LC3A has a high sequence alignment with LC3B
and GABARAP with GABARAPL1 (80-90%). However, LC3C and GABARAPL?2 are quite
different from the rest of the sub family, with about 60% sequence alignment. So with the
differences between the 6 hATGS8 proteins, it seems plausible that the LIRs of NBR1 could
bind preferentially to one hATGS8 over another.

The KL and T29D mutant of LC3B, which change the binding surface and mimic
phosphorylation respectively, could also preferentially bind to one of the LIRs, which would
shed more light on how the sequence of the LIRs drives selectivity. To investigate if the LIRs
showed any binding preferences between the LC3B mutants and the 6 hATGS8 proteins a
series of MS competition experiments were carried out.

51



4.1 Binding of LIRs of NBR1 with the hATGS8 Proteins

To check that the hATGS8 proteins produced (Chapter 3) did in fact bind to the peptide
sequences for the LIRs of NBR1, MS was used to see if when protein and peptide were
mixed, the hATG8-LIR complex could be observed. ESI MS has been shown to be a useful
method for studying protein ligand-interactions, with the non-disruptive nature of the ESI
source allowing noncovalent interactions to be transferred intact from solution to gas phase
[137, 138].

Example spectra of LC3A and NRB1 LIR1 and LIR2 peptide at 1:1 ratio are shown in Figure
4.2.
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Figure 4.2: Mass spectra of LC3A bound to LIRs of NBR1. Spectrum shown are LC3A-LIR1
(A) and LC3A-LIR2 (B). Key indicates the peaks that belong to each protein and protein-LIR
complex. Spectrum expanded to show region where the main protein and complex peaks
are.

The LC3A-LIR MS spectra contain numerous peaks that represent the multiple charge states
of the free and bound protein. To better understand the spectrum, which peaks are for
which species and the charge states, the predicted peak positions were calculated and then
compared to the spectrum (Table 4.1)

Species Peak Predicted Charge state
LC3A + LIR1 1752.91 1752.79 +9
LC3A 1803.25 1803.08 +8
LC3A + LIR1 1972.28 1971.76 +8
LC3A 2060.67 2060.51 +7
LC3A + LIR1 2253.31 2253.30 +7
LC3A 2403.98 2403.77 +6
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Species Peak Predicted Charge state
LC3A + LIR2 1743.60 1743.22 +9
LC3A 1803.44 1803.08 +8
LC3A + LIR2 1961.31 1961.00 +8
LC3A 2060.47 2060.51 +7
LC3A + LIR2 2240.94 2241.00 +7
LC3A 2403.95 2403.77 +6

Table 4.1: Predicted values for free LC3A and LC3A NBR1 LIR complex compared to peaks
in ESI-MS spectrum.

From Table 4.1 it can be seen that the peaks in the MS spectrum closely match the
predicted values for both free and bound LC3A (within the error of the experiment). This
confirmed the presence of the LC3A-LIR complex and hence that the protein and LIR peptide
bound.

These experiments were repeated for all the mutants of LC3B (WT, KL and T29D) and the 6
hATGSs. For all the proteins, when mixed with the LIRs of NBR1, the MS spectrum showed
that the protein-LIR complex was present. The spectrum and a table of peaks and various
charge states observed are shown in Appendix C.

4.2 Competition Binding of LIRs of NBR1 to the LC3B Mutants Using ESI-MS

With binding of the mutants of LC3B to the NBR1 LIR1 peptides confirmed, MS competition
experiments were carried out. The MS competition experiments would involve mixing all 3
LC3B proteins (WT, KL and T29D) in equal concentrations with the LIR NBR1 peptide. The
Protein-LIR mixtures would then be run on the MS, and the ratio of bound peaks to free
protein analysed, to determine if there was a preference for the LIR to bind to a particular
LC3B mutant.

Due to the large number of species present in the MS competition experiments it was
important to check if there would be any overlap of peaks that would prevent full analysis of
the data. The predicted position of the peaks in the MS spectrum for the three LC3B
mutants (both free and bound to LIR1) were calculated (Table 4.2) and checked for potential
problems.

Charge LC3B WT LC3B KL LC3BT29D | LC3BWT + | LC3BKL+ | LC3BT29D
state LIR1 LIR1 +LIR1

+6 2522.735 | 2506.205 | 2525.073 | 2747.651 | 2731.121 | 2749.99
+7 2162.487 | 2148.318 | 2164.491 | 2355.272 | 2341.104 | 2357.277
+8 1892.301 | 1879.903 | 1894.055 | 2060.988 | 2048.591 | 2062.742
+9 1682.157 | 1671.136 | 1683.715 | 1832.101 | 1821.081 | 1833.66

Table 4.2: Predicted values for peaks in MS spectrum for competition experiment of LC3B
mutants with LIR1 of NBR1.

The values indicate that the peaks of LC3B WT and LC3B T29D (both free protein and bound
to LIR1) would be extremely close which would cause problems fully analysing the MS data.
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To avoid the peak overlap it was decided to use *°N isotopically labelled LC3B T29D. The
calculated values for the peaks for the °N labelled LC3B T29D are shown in Table 4.3. >N
isotopically labelled proteins are commonly used in NMR binding studies, and do not change
the way the protein interacts with binding partners, and so the use of *°N labelled LC3B
T29D for the MS competition experiments should not have any effect on the interaction
with the NBR1 LIR peptides.

Charge state 15N LC3B T29D 15N LC3B T29D + LIR1
+6 2555.673 2780.59

+7 2190.72 2383.505

+8 1917.005 2085.692

19 1704.115 1854.06

Table 4.3: Predicted values for MS peaks for *°N labelled LC3B T29D.

These predicted peak values in Table 4.3 for °N labelled LC3B T29D indicate that there
would be no overlap with the peaks for the LC3B mutants, and so the MS competition
experiments would be carried out with unlabelled LC3B WT, LC3B KL and *°N labelled LC3B
T29D.

4.2.1 LC3B Mutants Binding to NBR1 LIR1

A sample of the three LC3B mutant proteins and the peptide representing the LIR1 of NBR1
ina 1:1:1:1 ratio was made up and then run on the mass spectrometer. This resulted in a
spectrum containing multiple peaks for the different charge states of the free protein and
the protein-LIR complex shown in Figure 4.3.
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Figure 4.3: MS competition experiment for mutants of LC3B with LIR1. Sample contained
LC3B WT, KL and T29D (*°N) and NBR1 LIR1 peptide in equal concentrations (10 uM). Key
indicates the peaks that belong to each protein and protein-LIR complex. Spectrum
expanded to show region where the main protein and complex peaks are.

Due to the number of species present in the mixture the MS spectra can initially seem
difficult to interpret. However, by calculating the values for the peaks expected it makes it
easier to assign the peaks in the actual spectrum to the protein or protein-LIR complexes.
Initial analysis of this data suggested that the LC3B-LIR complex was present for all 3
mutants. When comparing the amount of free protein versus bound it was clear that there
was a much larger amount of free KL protein present when compared to WT and T29D.

With the initial LC3B Mutant and LIR1 competition experiment carried out proving that it
was possible to get usable data, a series of samples with varying concentrations of LIR1
varying from 0.5 to 3 equivalents of LIR1 to LC3B protein were produced. These samples
were then run on the mass spectrometer and a series of spectra with varying concentrations
of LIR1 were produced. Figure 4.4 shows MS spectra at 0.5 and 3 equivalents of LIR1 to LC3B
mutant proteins.
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Figure 4.4: MS competition experiment for mutants of LC3B with LIR1. Sample contained
LC3B WT, KL and T29D (*°N) and NBR1 LIR1 peptide. Top spectrum shows proteins with 0.5
equivalent of LIR (1:1:1:0.5) and bottom spectrum shows 3 equivalents (1:1:1:3). Key
indicates the peaks that belong to each protein and protein-LIR complex.
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These spectra were analysed to determine which peaks corresponded to which species in
the MS spectra. The obvious change was the increase in intensity of the peaks for the LC3B-
LIR complex. However, to fully understand the changes in the spectrum, and to see if LIR1
showed a preference for a particular LC3B mutant, the ratio of bound to unbound protein
were determined. To do this the intensity for all the unbound peaks for this particular
protein were summed and the same done for the LIR1-protein complex peaks for the
protein. The bound to unbound protein ratio could then be calculated to determine the
preference for the LIR1 at that particular equivalence. These ratios were then calculated for
each equivalence of LIR1 and plotted to see the trend as the concentration of LIR was
increased (Figure 4.5).
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Figure 4.5: Plot of ratios of bound to unbound protein against increasing equivalents of
NBR1 LIR1 peptide.

From Figure 4.5 it is clear that LIR1 shows a preference for LC3B WT and LC3B T29D over
that of LC3B KL. As LC3B KL was designed to be a binding site knockout this is what would be
expected, as the interaction of NBR1 LIR1 with LC3B KL would not be as strong as LC3B.
However, the preference for LIR between LC3B WT and LC3B T29D is less clear cut. Although
potentially at higher concentrations of LIR1 there is preference for LC3B T29D over LC3B
WT. However, with the points used with this set of data it would be difficult to say this for
definite without higher concentrations of LIR1 confirming the trend.
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4.2.2 LC3B Mutants Binding to NBR1 LIR2

The same process as used for NBR1 LIR1 was repeated for NBR1 LIR2. The initial experiment
was carried out with unlabelled LC3B WT, LC3B KL and '°N labelled LC3B T29D with 1
equivalent of the NBR1 LIR2 peptide. The resulting sample was then run on the ESI-MS and
the resulting spectrum analysed (Figure 4.6).
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Figure 4.6: MS competition experiment for mutants of LC3B with LIR2. Sample contained
LC3B WT, KL and T29D (!°N) and NBR1 LIR2 peptide in equal concentrations (10 uM). Key
indicates the peaks that belong to each protein and protein-LIR complex. Spectrum
expanded to show region where the main protein and complex peaks are found.

As before peaks for multiple charge states are present for all three of the LC3B mutants as
free protein and in complex with the NBR1 LIR2 peptide. However, on initial analysis the
intensity of the peaks of the LC3B KL in complex with the LIR2 peptide are much greater
than those of the peaks for the WT and T29D in complex with LIR2.

To further investigate this initial observation a series of MS experiments with the three LC3B

mutants mixed with different equivalences of NBR1 LIR2 peptide (from 0.5 to 3 equivalents)
were run. The data was analysed and the start and endpoint are shown in Figure 4.7.
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Figure 4.7: MS competition experiment for mutants of LC3B with LIR2. Sample contained
LC3B WT, KL and T29D (*°N) and NBR1 LIR1 peptide. Top spectrum shows proteins with 0.5
equivalent of LIR (1:1:1:0.5) and right bottom spectrum shows 3 equivalents (1:1:1:3). Key
indicates the peaks that belong to each protein and protein-LIR complex.
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The data again shows that the intensity for the peaks of the LC3B mutants in complex with
the NBR1 LIR2 peptide as the concentration of peptide is increased. The ratio of bound
protein to unbound protein was then calculated for the data and plotted (Figure 4.8).
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Figure 4.8: Plot of ratios of bound to unbound protein against increasing equivalents of
NBR1 LIR2 peptide.

The plot in Figure 4.8 confirms the initial observation that the NBR1 LIR2 peptide shows a
greater preference for the LC3B KL mutant. This is extremely interesting as the LC3B KL
mutant is supposed to be a binding site knockout mutant and so should be a weaker binder.
This suggests that something else, other than the main binding site, is playing a role in
making the interaction of LC3B KL with the peptide of NBR1 LIR2 preferred over that of LC3B
WT and T29D.

4.3 Competition Binding of LIRs of NBR1 to the ATG8s Using ESI-MS

With the binding of the hATGS8s to the two peptides representing the LIRs of NBR1
confirmed (Chapter 4.1), it was then possible to use MS competition experiments to identify
if there is selective binding of the NBR1 LIR peptides for a particular hATG8 protein.
However, due to the number of proteins present it was not practical to mix all six together
and add the peptide. Firstly the spectra would be extremely difficult to interpret due to the
number of peaks present. The spectra were already complicated when just mixing the three
mutants of LC3B (Chapter 4.2), and so doubling the number of peaks would make analysis
extremely challenging. This is shown in Table 4.4 where the calculated m/z for common
charge states is given for the free proteins and the protein-peptide complexes.
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Charge Species
State
LC3A LC3B LC3C GAB GABL1 GABL2
+6 2403.77 2473.03 2833.62 2344.70 2365.70 2302.83
+7 2060.51 2119.89 2428.96 2009.89 2027.89 1974.00
+8 1803.08 1855.03 2125.46 1758.78 1774.53 1727.38
+9 1602.84 1649.02 1889.41 1563.47 1577.47 1535.56
LC3A-LIR1 | LC3B-LIR1 | LC3C-LIR1 | GAB-LIR1 | GABL1- GABL2-
LIR1 LIR1
+6 2628.68 2697.95 3058.53 2569.62 2590.62 2527.75
+7 2253.30 2312.67 2621.74 2202.67 2220.67 2166.79
+8 1971.76 2023.71 2294.15 1927.46 1943.21 1896.06
+9 1752.79 1798.97 2039.36 1713.41 1727.41 1685.50
LC3A-LIR2 | LC3B-LIR2 | LC3C-LIR2 | GAB-LIR2 | GABL1- GABL2-
LIR2 LIR2
+6 2614.33 2683.60 3044.18 2555.27 2576.27 2513.40
+7 2241.00 2300.37 2609.44 2190.37 2208.37 2154.49
+8 1961.00 2012.95 2283.39 1916.70 1932.45 1885.30
+9 1743.22 1789.40 2029.79 1703.84 1717.84 1675.93

Table 4.4: Predicted MS peaks for hATG8 protein MS competition peaks.

Hence it was decided to simplify the spectra by separating the six hATG8 proteins into the
two subfamilies, and so run two sets of MS competition experiment, one with the LC3
proteins and the other with the GABARAP proteins. Whilst this could potentially still leave
some peaks that were close in m/z, depending on the charge states present, with the
spectra having fewer peaks the resolution of the MS would be enough to differentiate
between the peaks.

4.3.1 LC3s Binding to NBR1 LIR1

LC3A, LC3B and LC3C were mixed in equal concentration (10 uM) and one equivalent of
NBR1 LIR1 peptide was added. This sample was then run on the ESI-MS and the spectrum
collected. As expected this gave a spectrum containing six sets of peaks corresponding to
the three LC3s, both as free protein and in complex with the NBR1 LIR1 peptide. The
spectrum is shown in Figure 4.9 with the peaks labelled to show the species they belong to.
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Figure 4.9: MS competition experiment for hATG8 LC3 family NBR1 LIR1 peptide. Sample contained
LC3A, LC3B, LC3C and NBR1 LIR1 peptide in equal concentrations (10 uM). Key indicates the peaks
that belong to each protein and protein-LIR complex. Spectrum expanded to show region where the
main protein and complex peaks are found.

On initial analysis, the first thing that stands out is that there is almost no LC3C-LIR1
complex, with the majority of LIR1 binding to LC3A and LC3B. If the ratio of bound to
unbound protein is then calculated it indicates that the peptide of NBR1 LIR1 shows a
selectivity for LC3A, with almost double the amount of bound to unbound compared to
LC3B (Figure 4.10). There is then only a small amount of LC3C-LIR1 complex present pointing
to NBR1 LIR1 binding preferentially to LC3A over the other LC3 proteins.
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Figure 4.10: Bar chart of calculated values for ratio of bound to unbound for LC3 subfamily
with LIR1 MS competition experiment.
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4.3.2 LC3s Binding to NBR1 LIR2

As with LIR1 these competition experiments were carried out by mixing the 3 LC3s in equal
amounts with 1 equivalent of the NBR1 LIR2 peptide which was then run on the ESI-MS. The
resulting spectrum is shown in Figure 4.11 with the peaks labelled to indicate the
protein/protein-complex the peak corresponds to.
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Figure 4.11: MS competition experiment for hATG8 LC3 family NBR1 LIR2 peptide. Sample
contained LC3A, LC3B, LC3C and NBR1 LIR2 peptide in equal concentrations (10 uM). Key
indicates the peaks that belong to each protein and protein-LIR complex. Spectrum
expanded to show region where the main protein and complex peaks are found.

When this spectrum was analysed it was again apparent that the majority of protein-ligand
complex peaks present were for LC3A-LIR2 and LC3B-LIR2. In fact, with the LIR2 MS
competition experiment it was not possible to find any peaks corresponding to the LC3C-
LIR2 complex. When the data was analysed the NBR1 LIR2 peptide seemed to show a strong
selectivity for LC3A, with almost double the amount of bound to unbound protein present
compared to LC3B (Figure 4.12).
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Figure 4.12: Bar chart of calculated values for ratio of bound to unbound for LC3 subfamily
with LIR2 MS competition experiment.

4.3.3 GABARAPs Binding to NBR1 LIR1

As with the LC3 family MS competition experiments, all 3 GABARAP proteins were mixed in
equal amounts with 1 equivalent of NBR1 LIR1 peptide. The spectrum obtained using ESI-MS
is shown in Figure 4.13.
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Figure 4.13: MS competition experiment for hRATG8 GABARAP family NBR1 LIR1 peptide.
Sample contained GABARAP, GABARAPL1, GABARAPL2 and NBR1 LIR1 peptide in equal
concentrations (10 uM). Key indicates the peaks that belong to each protein and protein-
LIR complex. Spectrum expanded to show region where the main protein and complex
peaks are found.
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As with previous MS competition experiments, peaks were present for bound and unbound
protein. On comparison of the intensity of bound to unbound MS peaks for the charge
states of each species, it was found that GABARAP and GABARAPL2 had a very similar
affinity to the NBR1 LIR1 peptide. However, the ratio of bound to unbound protein of
GABARAPL1 was double that of GABARAP and GABARAPL2 (Figure 4.14).
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Figure 4.14: Bar chart of calculated values for ratio of bound to unbound for GABARAP
subfamily with LIR1 MS competition experiment.

4.3.4 GABARAPS Binding to NBR1 LIR2

Finally, the 3 proteins of the GABARAP family were mixed in equal amounts with one
equivalent of the NBR1 LIR2 peptide. The resulting ESI-MS spectrum is shown in Figure 4.15.
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Figure 4.15: MS competition experiment for hRATG8 GABARAP family NBR1 LIR2 peptide.
Sample contained GABARAP, GABARAPL1, GABARAPL2 and NBR1 LIR2 peptide in equal
concentrations (10 uM). Key indicates the peaks that belong to each protein and protein-
LIR complex. Spectrum expanded to show region where the main protein and complex
peaks are found.

The MS spectrum was analysed to calculate the “bound to unbound” ratios for each
GABARAP protein as with the previous MS competition experiments. This showed that there
was a selectivity for the NBR1 LIR2 peptide to bind to GABARAPL1, with almost double the
ratio of bound to unbound protein when compared to GABARAP (similar to LIR1). However,
the GABARAP-LIR complex was much more favoured than the GABARAPL2-LIR complex,
where the ratio of GABARAP complex was over 3 times more prevalent than the complex
with GABARAPL2 (Figure 4.16).
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Figure 4.16: Bar chart of calculated values for ratio of bound to unbound for GABARAP
subfamily with LIR2 MS competition experiment.

This is different from the LC3 family, where the ranking of binding preference between the 3
proteins was shown for both NBR1 LIRs, this time there was a clear difference in binding
preference for GABARAPL2 between the LIRs.

Unfortunately due to issues with samples it was not possible to carry out the MS
competition experiments whilst varying the number of equivalents of NBR1 LIR2 as in
Chapter 4.2. However, these initial experiments gave an indication of which protein the two
LIRs of NBR1 preferentially bind to.

4.4 Discussion

The MS experiments carried out in this chapter were used to probe the interaction of the
LC3B mutants and hATGS8 proteins with the NBR1 LIR peptides. The initial experiments
confirmed that all the proteins that had been produced (LC3B mutants and hATGSs), that all
bound to the two peptides used to represent the LIRs of NBR1. Whilst it had previously been
shown that this was the case for LC3B, it was important to confirm the same interaction was
seen for all of the proteins produced, before further work was carried out.

With the binding interactions confirmed between the LIR peptides and the proteins, the
next step was to carry out MS competition experiments, to give some information of the
binding preferences of the LIRs of NBR1 with the various proteins. These experiments
showed some clear evidence of LIRs showing a particular selectivity for certain proteins,
which when further analysed can shed more light on the binding action of LIRs with the
hATGS proteins.
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4.4.1 LC3B Mutants Binding to the LIRs of NBR1

The two LC3B mutants were produced to probe the binding interaction of the LIRs of NBR1,
and to help understand why there were two LIRs on NBR1. As can be seen from Figure 4.17
the LC3B KL mutant was designed to disrupt the binding around the two hydrophobic
pockets. The LC3B T29D mutant was then used to see if phosphorylation on the large alpha
helix, which sits against the central beta sheet to form the hydrophobic pockets, would alter
the binding of the LIRs.

Figure 4.17: Surface representations of LC3B mutants with p62 LIR shown bound. LC3B KL
is shown on the left and LC3B T29D on the right. Mutation is shown in red.

The MS completion experiment for LIR1 with the LC3B mutants showed that the KL
(Lys51/Leu53) mutant had the desired effect in disrupting the interaction with LIR1. It was
by far the least preferred of binding partners, with very little LC3B KL-LIR1 complex present,
until higher concentrations of LIR1 were reached. Given where the mutation is on LC3B
(Figure 4.17) around the hydrophobic pocket, it is possible to see that the reduced binding
affinity could be explained in several ways. Firstly as K51 and L53 surround a large amount
of the hydrophobic pocket any change would alter how the aromatic on the LIR would fit in
the pocket, potentially making the interaction of HP1 with Tyr732 less favourable. The
mutation of a lysine for alanine at position 51 would also make this area less basic, and
hence destabilise any interaction with the acidic residues (Asp731 and Glu730) that precede
Tyr732 in the LIR sequence.

The T29D mutant on the other hand shows little difference in affinity from LC3B WT, and it
is only at higher concentrations of LIR1 that there is potentially a higher affinity of the LIR1
for T29D over WT. However, this is a single point and to confirm whether this was an
anomaly or the start point in a trend would require the competition experiment to be run to
higher equivalents of LIR1.

Whilst the KL mutant had the desired effect of disrupting the interaction with LIR1 the
opposite seems true with LIR2. The MS competition experiments of the mutants of LC3B
with LIR2 in fact show that the KL mutant is the preferred binding partner with LIR2. Whilst
the less basic face of LC3B KL destabilise the interaction with NBR1 LIR1 it has the opposite
effect with LIR2, which contains no acidic amino acids preceding Phe563. Hence LIR2 binds
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selectively to the KL mutant over LC3B WT and T29D with their more basic faces. This also
points to the KL mutant not actually altering HP1 in such a way as to significantly decrease
the interaction of the aromatic residue on the LIR with the pocket, as if is this was the case
and the aromatic residue was significantly impeded in binding with the hydrophobic pocket,
you would not expect it to have such a high affinity for LIR2.

Whilst the competition experiments are interesting and shed some light on selectivity
between the two LIRs of NBR1, they do not give any information on how the LIR is binding
to the proteins. To do this NMR titration experiments will be carried out in the next chapters
to probe the LIR-LC3B interactions.

4.4.2 hATGS Proteins Binding to LIRs of NBR1

The competition experiments for the hATG8 family proteins showed that the LIRs of NBR1
had a degree of selectivity for particular proteins. For the LC3 sub family LIR1 bound
preferentially to LC3A, with almost double the ratio of complex to free protein of LC3B. The
other interesting result was that there was almost no LC3C and LIR1 complex. This result
was then repeated for LIR2 which preferentially bound to LC3A roughly twice as much as
LC3B, and then there was no LC3C-LIR2 complex. Whilst it was not possible to run these
experiments at increased concentrations of LIR to observe trends, it does show that both
LIRs have a slight selectivity for LC3A, and that the interaction with LC3A and LC3B is
considerably more favoured than that with LC3C.

As has been mentioned previously the LC3s are structurally similar and there is high
sequence alignment between LC3A and LC3B at 82.5%. However there is much less
sequence alignment of LC3C with LC3A (59.2%) and LC3B (55%). Looking at the sequences of
the three LC3 proteins (Figure 4.18) there are 10 amino acids which are different in all three
LC3s, three unique to LC3A, eight which are unique to LC3B and 36 which are unique to
LC3C. We can see that for LC3A and LC3B the differences are all mainly located at the N-
terminus. However, the changes in sequence between LC3C and LC3A and LC3B are spread
throughout the sequence.

Figure 4.18: Sequences of LC3 proteins. Parts of the sequence where all three LC3s have
different amino acids are shaded green and where LC3A, LC3B and LC3C are different are
shaded pink, yellow and blue respectively.

To visualise where on the LC3s these changes in amino acid are, and to see how they could
affect the interaction with the LIRs, the differences were mapped to the surface of LC3B
bound to the p62 LIR (Figure 4.19)

70



Figure 4.19: Structure of LC3B WT bound to p62 LIR coloured to show differences in
sequences between LC3s. Parts of the sequence where all three LC3s have different amino
acids are shaded green and where LC3A, LC3B and LC3C are different are shaded pink,
yellow and blue respectively.

From these mapped changes in sequence we can see the main differences in sequence on
LC3A and LC3B appear on the first two alpha helices, which pack against the B-sheet that
forms HP1, and hence these changes could lead to the preferential binding for LC3A by the
two LIRs. For LC3C the changes in sequence are spread all over the protein, but a number
are located at the top of the binding surface around HP2. LC3C has been shown to bind to
non-standard LIR motifs [80], which do not have an aromatic residue (ILVV), and so rely on a
valine binding into HP2. This lack of aromatic residue is then compensated for by other
hydrophobic contacts with LC3C. These changes on LC3C, whilst enabling the binding of an
atypical LIR, does then alter how LC3C will interact with standard LIRs. So whilst the LIRs of
NBR1 will bind to LC3C, when in competition with LC3A and LC3B there is very little binding
to LC3C.

For the GABARAP sub family both NBR1 LIR1 and LIR2 bind preferentially to GABARAPL1.
Then for LIR1, GABARAP and GABARAPL2 have similar affinities, whereas for LIR2 GABARAP
is then bound preferentially over GABARAPL2. As with the LC3 family, the structures of the
three GABARAP are extremely similar and GABARAP and GABARAPL2 have high sequence
alignment at 87.9%. However, the sequence alignment of GABARAPL2 with GABARAP and
GABARAPL1 at 57.8% and 61.2% respectively are considerably less. The sequences for the
three GABARAPs are shown in Figure 4.20 with changes in sequence coloured.

1 10 2 30 4 50
GMB MKFUYKEEBEHPFEKRRSEGEKI RKKYPDRVPVIVEKAPKARI BDOLDKEKYLVPSD
GABLIMKF@YKEDHPFEYRKKEGEKI RKKYPDRVPYVIVEKAPKARVEDLDKRKYLVPSD
GMB-L2MKWMFKEDHSLEHREVESAKI RAKYPDRVPVIVEKYSESQ! ¥DIDKRKYLVPSD
80 70 80 90 100 110
GAB LTYGQFYFLIRKRIHLREEDALFFFYNNVIPPTSATMGQLYBEHRHEEDFFLY|AYSDESVYG
GAB-LILTYGQFYFLIRKRIHLRPEDALFFFYNNTIPPTSATMGQLYEDNHEEDYFLYVAYSDESVYG
GAB-L2| TYAQFMWI I RKRI QLPSEKA|FLFVDKTYPASSLTMGQLYEKEKDEDGFLYVAYSBENTFG

Figure 4.20: Sequences of GABARAP proteins. Parts of the sequence where all three
GABRAPS have different amino acids are shaded green and where GABARAP, GABARAPL1
and GABARAPL2 are different are shaded pink, yellow and blue respectively.
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There are eight amino acids that are different for each GABARAP, three that are unique for
GABARAP, one is unique for GABARAPL1 and 34 unique for GABARAPL2. As with LC3A and
LC3B, the majority of changes in sequence for GABARAP and GABARAPL1 appear at the N-
terminus (although not as many), with the variations in sequence for GABARAPL2 being
spread throughout the protein. To better understand how these changes might affect the
binding with the LIRs, the structure of GABARAPL1 bound to NBR1 LIR1 was coloured where
the sequences were different between the three proteins (Figure 4.21).

Figure 4.21: Surface of GABARAPL1 bound to NBR1 LIR1 coloured to show where changes
in sequence between the GABARAPs occur. Parts of the sequence where all three
GABARAPs have different amino acids are shaded green and where GABARAP,
GABARAPL1 and GABARAPL2 are different are shaded pink, yellow and blue respectively.

Having visualised where the differences in the GABARAP subfamily are in relation to where
the LIR binds, it is possible that the selectivity could be due to the changes in amino acid at
positions 13 and 16, which would potentially interact with the amino acids preceding the
aromatic on the LIR. The amino acid on the LIR that is closet to this region on the GABARAPs
is X.2, which for LIR1 is Glu730, and for LIR2 this is Leu561. These are different types of
amino acids (acidic vs hydrophobic), and so would interact with the surfaces of the
GABARAPs in different ways. GABARAPL?2 also has a number of changes in sequence around
HP2, which could alter how the hydrophobic residues Ile735 (LIR1) and Leu566 (LIR2) binds,
and lead to the interaction being lower affinity than with the other GABARAPs. The small
difference in size between the LIR containing a Leucine or Isoleucine could then account for
the change in selectivity between the LIRs. However, why GABARAPL1 is preferentially
bound for both sets of competition experiments is not clear.
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4.5 Summary

This chapter has described the MS experiments used to investigate the binding of the NBR1
LIRs with the LC3B mutants and ATG8 family proteins. In summary the following
observations were made

e NBR1 LIR peptides bind to LC3B mutants and ATGS8 proteins

e MS competition experiments with the LC3B mutants with LIR1 show that LIR1 binds
preferentially to LC3B WT and T29D. The KL mutant with its modified hydrophobic
pocket and less basic face is the least preferred of the binding partners

e Competition experiments with the LC3B mutants and LIR2 show the opposite result
to LIR1 with LC3B KL now being the preferred binding partner. This is potentially
driven by the less basic face of LC3B KL being a better binding partner as LIR2
contains no acidic residues preceding the aromatic in the LIR sequence. Potentially,
the K51A and L53A mutations provide additional hydrophobic contacts and reduce
steric interactions.

e LIR1 and LIR2 bind with some selectivity to LC3A over LC3B with almost no LC3C-LIR
complex detected.

e For the GABARAP sub family NBR1 LIR1 binds preferentially to GABARAPL1 with
GABARAP and GABARAPL2 showing similar affinity.

e NBR1 LIR2 binds preferentially to GABARAPL1 with almost double the amount of
complex than with GABARAP. GABARAP-LIR complex is then almost 3 times more
prevalent than for GABARAPL2.
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Chapter 5

5. NMR Assignment of WT LC3B and Studies of its Interactions with
LIRs of P62 and NBR1

This chapter will investigate the interactions of LC3B WT with the two LIRs of NBR1 using
NMR titrations, and then compare them with the interaction of LC3B WT with the p62 LIR.

The interaction of wild type LC3B and the LIR of p62 has been well studied previously. So
comparing this with the interaction of LC3B with the two LIRs of NBR1, was considered a
good starting point for understanding the interactions of the LIRs.

First the backbone amides in the *H-1>N HSQC spectrum of wild type LC3B will be assigned.
This assignment will then be used to track the peak perturbations in the NMR titrations of
the three LIRs. This data will then be analysed to focus on the amino acids that experience
the most significant changes in LC3B WT when binding with the LIRs. These results will then
be used to generate structures of the LIRs binding with LC3B WT using HADDOCK webserver
(Chapter 2.5.2.7). Finally the titration data and HADDOCK structures will be compared
between the three LIRs, to look at the effect the differences in sequences of the LIRs have
upon the binding of LC3B WT.

The LIR of p62 contains the canonical LIR motif with a WxxL motif, and whilst the LIRs of
NBR1 follow the sequence of an aromatic and hydrophobic amino acid separated by two
others, there are significant differences (Figure 5.1).

P2 S G G Wase T O H Ly, S S K
NBRILIRIT S A S S Yoo | 1 ls L P E
NBRILIR2 A Q D L L S Fy E L Lg D | N

Xq X3 X5 X4 €] X, X I X3  Xg

Figure 5.1: Sequences for LIRs of p62 and NBR1. Amino acids that bind to the hydrophobic
pockets of LC3B are shown in red and acidic residues that directly precede the aromatic
residue are shown in green. Amino acids that are greyed out were not included in peptide
sequence used but are included for reference.

Whilst all 3 LIR sequences have aromatic residues that bind to the first hydrophobic pocket
on LC3B, they all use a different aromatic residue, with p62 containing a tryptophan, and
NBR1 LIR1 and LIR2 containing a tyrosine and phenylalanine respectively. This difference in
aromatic residue at the O position will alter how the LIR interacts with LC3B WT, due to
steric and electronic interactions. Previous work has shown that the binding is strongest
when a tryptophan is present, and the p62 LIR has been shown to be a stronger binder than
that of the NBR1 LIR1, which supports this data [113]. There is also some variation of the
hydrophobic residue, with two LIRs (p62 and LIR2) containing leucine and NBR1 LIR1
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containing isoleucine. This hydrophobic residue binds into the second hydrophobic pocket
on LC3B, and the small difference between isoleucine and leucine might have a small steric
effect. Finally the LIR of p62 contains three acid residues, and NBR1 LIR1 contains two, in the
positions X3to X1 preceding the aromatic residue. NBR1 LIR2 does contain one acidic
residue, but this is further away from the aromatic residue in position X.2. However, NBR1
LIR1 contains serines in positions X.3and X.4, and LIR2 contains one at position X.1, which
although not classed as an acidic residue, still contains a negative charge on the oxygen of
the amino acid side chain, which could interact with the positively charged face of LC3B.
Previous studies have shown that LIRs with acidic residues have a slightly stronger binding
interaction with LC3B, and the sequence analysis of known LIRs does show that there is a
preference for acidic residues in positions X.1 to X3, but after aspartic and glutamic acid,
serine is then the most common amino acid in these positions. The serines at these
positions can potentially be phosphorylated, altering the binding affinity of the LIR with
LC3B.

To better understand how all these differences affect the interaction of LIRs with LC3B, 'H-
15N HSQC NMR titrations would be used. Whilst other methods can confirm there is an
interaction and give values for binding coefficients, NMR titrations will also give information
on which amino acids on LC3B are involved with the interaction, and allow mapping of the
binding site.

5.1 Backbone Assignment of LC3B

To facilitate the NMR titrations of LC3B with the 3 LIRs, an assignment of the backbone
amides in the *H->N HSQC for LC3B would be required. There is a published assignment of a
construct of LC3B for the first 120 amino acids (aa) [139]. However, as the NMR titrations
would be carried out with the full length LC3B WT (125aa), an assignment would be carried
out on this form of LC3B so as to make sure the assignment of the backbone amides in the
1H-15N HSQC for the 125 amino acid LC3B is correct, and provide a firm basis for further
titration studies.

To assign LC3B, a series of 2D and 3D heteronuclear NMR experiments were collected on a
sample of LC3B WT uniformly labelled with N and 3C. The NMR experiments used were
1H4-15N HSQC, HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB and HN(CO)CACB (Chapter
2.5.2.2). This set of 3D experiments allowed assignment of the backbone amides in the 'H-
15N HSQC using the methods in Chapter 2.5.2.4. An example linking of the C4 and Cg peaks
for the LC3B WT sample is given in Figure 5.2.
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Figure 5.2: Example of linking Co and Cg peaks using HNCACB (green and blue peaks) and
HN(CO)CACB (pink and orange peaks).

Following this process of linking peaks and using characteristic chemical shifts to assign spin
systems to a type of amino acid, it was possible to fully assign the *H-1>N HSQC of LC3B
(Figure 5.3)
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Figure 5.3: LC3B WT H-1°N HSQC backbone assignment.
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5.2 Interaction of WT LC3B with the LIR1 of NBR1

With the backbone amide peaks in the *H->°N HSQC for LC3B assigned, it was then possible
to evaluate that data for titrations of LC3B WT with NBR1 LIR1 that had been carried out
previously. The same peptide representing NBR1 LIR1, used in the MS experiments, had
been used for the NMR titrations (residues 727-738 in NBR1, ASSEDYIIILPE). This was
titrated against LC3B until a ratio of 2:1 peptide to protein was reached, acquiring *H-1°N
HSQC at each point (Chapter 2.5.2.1). An overlay of the start and endpoint of the titration of
LC3B WT with NBR1 LIR1 is given in Figure 5.4
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Figure 5.4: Overlay of a selection of 'H-1>N HSQC spectrum for titration of LC3B WT and
NBR1 LIR1 peptide. Spectra shown are the ratios of LC3B WT to LIR 1:0 (red), 1:0.5
(orange), 1:1 (green) and 1:2 (blue).

As the LIR peptide was titrated with the LC3B, peaks within the 'H-°N HSQC began to move
until by the end of the titration a large number of peaks had moved to a new position in the
spectrum. Some of these shifts were relatively small, but some peaks had disappeared and
reappeared somewhere entirely different in the spectrum. How the peaks moved depends
on the exchange regime the particular amino acid is undergoing and a description of these
exchange regimes is given in Chapter 2.5.25.
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Understanding the nature of the binding interaction between LC3B and NBR1 LIR1 relies on
following the peaks in the titration, and if the peaks undergo intermediate or slow exchange
this can be extremely difficult. The titration of LC3B with NBR1 LIR1 had a large number of
peaks (>20) in slow and intermediate exchange, where it was not possible to follow the
peaks in the titration. To get the clearest picture possible of the binding of the NBR1 LIR1
peptide to LC3B, a backbone amide assignment on a '3C, >N labelled sample of LC3B with
unlabelled peptide was conducted.

As with the unbound LC3B a '°N and 3C enriched LC3B WT protein sample was produced,
mixed with 2 equivalents of NBR1 LIR1 peptide and a series of 3D NMR experiments was
run. The same set of HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB and HN(CO)CACB
experiments were run, and the carbonyl, CA and CB peaks linked to the NH peak in the *H-
15N HSQC. These peaks were then linked using the method in Chapter 2.5.2.4.

It was then possible to almost completely assign the backbone amides in the *H->N HSQC
for NBR1 LIR1 peptide bound to LC3B, with all but 3 amino acids assigned (R24, H27 and
V91, Figure 5.5)

With the 'H->N HSQC of LC3B bound to NBR1 LIR1 assigned it was then possible to know
the end point for the peaks. The chemical shift perturbations were then calculated using the
equation given in Chapter 2.5.2.4 (equation 2.1). As a large number of peaks had moved in
the *H->N HSQC, it was important to analyses the CSPs so as to focus on those amino acids
that underwent a significant change when binding to the NBR1 LIR1 peptide. The
significance was analysed using the method in Chapter 2.5.2.4, and these cut offs and the
CSP values calculated were plotted (Figure 5.6).
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Figure 5.5: H->N HSQC backbone assignment of NRB1 LIR1 peptide bound to LC3B WT.

80

wdd / Ng;Q



1.80

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20

0.00 - II nll. IIII I I Illll-ll-lll-l IIIIIIII.I-__

E%I%I%DI:EI%:DIeﬁI:“,:,:E%%:DIII:E.IJEI]EII:EIEI

c = = = S S S © S = = S S = =

v > —= C & = c O O = o > = U > < — = O c = o = > = o O

S JO0EZ2<OFEZ2c0n 88T Iiclo0ol0>EFE00n0038c0s >

=L <) B R T B Yo B« B T SN e N I P B AN v T A T s T S = o B< L  T AN [Te)

- TN NN < < n DO O ONMNOW W 0 ooy O 0o 9 = O N

HHHHHQ‘—'

Figure 5.6: Graph of CSP values for binding of NBR1 LIR1 peptide to LC3B. The light blue
line indicates the mean, the blue line is the mean and one standard deviation and the dark
blue line the mean and two standard deviations.

In total 13 peaks had significant change to the chemical shift (>0.53 ppm), and of those 9
had shifts greater than 0.84 ppm (or could not be assigned in the bound data), indicating
substantial change to the structure of the protein around that residue.

The residues that had significant perturbations and those that had moved more than the
mean were then mapped to the surface of LC3B, to identify the structural perturbations
from the binding of the NBR1 LIR1 peptide to LC3B (Figure 5.7).

Figure 5.7: CSP mapping for the binding of NBR1 LIR1 peptide to LC3B. Residues are coloured
purple if the CSP is greater than the mean, light blue if greater than the mean and one standard
deviation and blue if above the mean and two standard deviations. Residues with no significant shift

are coloured grey.
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The large perturbations of the residues on the N-terminal a-helix (a2), and those on the B-
sheet of the ubiquitin like domain, are indicative of the NBR1 LIR1 peptide interacting with
the two hydrophobic pockets of LC3B. H27, K51, F52 and L53 all have significant CSPs, and
these amino acids surround HP1, indicating that Tyr732 on LIR1 is interacting here. There
are then significant CPSs seen on V54 and V58, which are located around HP2, and is
indicative of 1le735 interacting here.

To gain a better understanding of how the NBR1 LIR1 peptide binds to LC3B, the HADDOCK
webserver was utilised following the method in Chapter 2.5.2.7. The HADDOCK run
generated 170 structures distributed in 10 clusters. The top scoring cluster contained 66
structures with a HADDOCK score of -91.6 +4.4. The structure produced by Haddock, with
the significant amino acids coloured, is shown below (Figure 5.8). The next highest scoring
cluster only scored -62.140.9, and contained only 32 structures, and so was not investigated
further due to the lower score and fewer structures.

Figure 5.8: HADDOCK structure of NBR1 LIR1 peptide bound to LC3B. The peptide is
coloured yellow with the active residues Tyr733 and lle736 coloured green. The surface of
LC3B is coloured to indicate the significant shifts seen in the bound form. Residues
coloured light blue had CSPs greater than the mean and one standard deviation and those
coloured dark blue had CSPs greater than the mean and two standard deviations.
Residues coloured grey had no significant perturbation. P55 on LC3B WT is coloured black
for reference.
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This structure produced by HADDOCK shows a similar mode of binding to previous LIRs
studied. With K51, F52 and L53 forming a hydrophobic pocket occupied by Tyr732, and
Ile735 fitting into a second hydrophobic pocket containing the highly perturbed residues
F52, V54 and V58. Acidic residues E730 and D731 on LIR1 then sit close to R11 and K49 on
LC3B, respectively, with a likely interaction between the acidic residues on the LIR with the
basic face of LC3B. Whilst the CSPs for R11 and K49 are not significant for the NMR titration,
as CSPs are just an indication of how the environment for the amide of the amino acid
changes, it does not rule out that there is not an interaction. There is also a large CSP on
T50, which when reviewing the HADDOCK structure indicates an interaction with Ser728 on
LIR1 (probably a hydrogen bond).

5.3 Interaction of WT LC3B with the LIR2 of NBR1

Having studied the interaction of the NBR1 LIR1 peptide with LC3B using NMR titrations, the
same process was repeated for LIR2 with the titration data that had been previously
acquired. For LIR2 of NBR1 a peptide with the sequence AQDLLSFELLD was used to
represent residues 557-567 in NBR1. This had been titrated against LC3B until a ratio of 2:1
peptide to protein was reached acquiring *H->N HSQC at each point (Figure 5.9).
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Figure 5.9: Overlay of a selection of *H->N HSQC spectrum for titration of LC3B WT and NBR1 LIR2
peptide. Spectrum shown are the ratios of LC3B WT to LIR 1:0 (red), 1:0.5 (orange), 1:1 (green) and
1:2 (blue).
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As for the titration of the NBR1 LIR1 peptide, the majority of peaks in the *H-°>N HSQC
spectrum moved, and as before there was a mixture of slow, medium and fast exchange.
However, this time it was possible using the already assigned LC3B and NBR1 LIR1 peptide
spectrum, to aid assignment of the slow and medium exchanging peaks in the NBR1 LIR2
peptide spectrum. Although not all the peaks in the LIR2 spectrum moved in exactly the
same way, there was enough similarity to allow assignment by comparison with the LIR1

data.

Using this method all but 3 peaks were assigned (R24, H27 and V91). CSPs were then
calculated for each peak and plotted (Figure 5.10).
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Figure 5.10: Graph of CSP values for binding of NBR1 LIR2 peptide to LC3B. The light blue
line indicates the mean, the blue line is the mean and one standard deviation and the dark

blue line the mean and two standard deviations.

The same method as used for NBR1 LIR1 peptide for determining which peaks had moved
significantly was used (Chapter 2.5.2.6). This gave 17 peaks that had significant changes in
the *H->N HSQC spectrum (> 0.52 ppm), and 8 of these were above the higher significance
limit of 0.84 ppm (or could not be followed in the titration). This data was then used to
colour the surface of LC3B to better visualise the binding site (Figure 5.11).
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Figure 5.11: CSP mapping for the binding of NBR1 LIR2 peptide to LC3B. Residues are
coloured purple if the CSP is greater than the mean, light blue if greater than the mean
and one standard deviation and blue if above the mean and two standard deviations.
Residues with no significant shift are coloured grey.

The CSPs were then used to act as restraints in HADDOCK webserver, which generated 167
structures in 11 clusters. The top scoring cluster contained 49 structures, with the top
structure HADDOCK scoring -102.5+2.9 (Figure 5.12).
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Figure 5.12: HADDOCK structure of NBR1 LIR2 peptide bound to LC3B. The peptide is
coloured yellow with the active residues Phe556 and Leu566 coloured green. The surface
of LC3B is coloured to indicate the significant shifts seen in the bound form. Residues
coloured light blue had CSPs greater than the mean and one standard deviation and those
coloured dark blue had CSPs greater than the mean and two standard deviations.
Residues coloured grey had no significant perturbation. P55 on LC3B WT is coloured black
for reference.

This structure shows again a similar binding mode to previously studied LIRs. Phe563 sits in
the first hydrophobic pocket, with large perturbations on K51 and L53 that form part of the
pocket. Leu 566 on LIR2 then sits in the second hydrophobic, with large shift changes on
F52, V54 and V58. There is also a significant shift at TS0 where Leu560 on LIR2 is potentially
forming a hydrogen bond. Asp559 also sits close to K49 with the acidic residue interacting
with the basic face of LC3B.

However, the second highest scoring cluster contained 47 structures, with a high score of -
94.6+1.3. This was close enough in number of structures and score to the highest scoring
structure to warrant further investigation. The top scoring structure for this cluster is shown
in Figure 5.13.
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Figure 5.13: Second highest scoring HADDOCK cluster with structure of reverse NBR1 LIR2
peptide bound to LC3B. The peptide is coloured yellow with the active residues Phe556
and Leu566 coloured green. The surface of LC3B is coloured to indicate the significant
shifts seen in the bound form. Residues coloured light blue had CSPs greater than the
mean and one standard deviation and those coloured dark blue had CSPs greater than the
mean and two standard deviations. Residues coloured grey had no significant
perturbation. P55 on LC3B WT is coloured black for reference.

This structure shows the LIR in a “reverse” orientation, with Leu566 bound into HP1 and
Phe563 bound in HP2. This structure whilst unlikely to be correct due to the CSP sites
mapping out a typical LIR-hATGS8 interaction, does suggest that the sequence of LIR2 leads
to the possibility of this “reverse” orientation arising. This is likely due to there being no
acidic residues directly before Phe563 to interact with the basic face of LC3B, and instead
the unfavourable interaction of Leu561 with the basic face of LC3B WT, leads to the
generation of the relatively high scoring “reverse” HADDOCK structure.

87



5.4 Interaction of WT LC3B with the LIR of p62

The LIR of p62 was one of the first LIRs that was studied interacting with LC3B, and contains
the canonical WxxL binding site that has been used when describing other LIRs that have
been discovered. So if the titration with p62 gave a similar interaction to that of the LIRs of
NBR1 it would be confirmation of the methods used. Also due to the large number of
changes over the whole of LC3B on binding, it was felt prudent to check that this was seen
on a known 1:1 binding peptide, so as to check the mode of binding for the LIRs of NBR1.
Previous work with p62 had used longer peptides to study the binding, and so it was
decided to use a shorter peptide to model the binding interaction, so as to be directly
comparable to the peptides used to mimic the LIRs of NBR1, and rule out any differences
being down to interactions arising from using an extended peptide. The sequence of the
peptide used was SGGDDDWTHLS (representing residues 334 to 344 in p62), which at 11
amino acids long was of similar length to those used for the LIRs of NBR1 (12 and 11).
Previous work carried out had shown that the difference in the length of p62 peptide made
no difference to the CSPs observed [103].

As before the peptide was titrated against LC3B until a ratio of 2:1 peptide to protein was
reached, acquiring *H->N HSQC at each point (Figure 5.14).
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Figure 5.14: Overlay of a selection of *H->N HSQC spectra for titration of LC3B WT and
NBR1 LIR2 peptide. Spectra shown are the ratios of LC3B WT to LIR 1:0 (red), 1:0.5
(orange), 1:1 (green) and 1:2 (blue).
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As in the *H->N HSQC for the NBR1 LIR peptides most of the peaks moved. However, it was
possible from following peaks, and from previous work carried out to assign all but one
amino acid in the bound spectrum (V91). CSP values were then calculated for each amino

acid and plotted (Figure 5.15).
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Figure 5.15: Graph of CSP values for binding of p62 LIR peptide to LC3B. The light blue line
indicates the mean, the blue line is the mean and one standard deviation and the dark

blue line the mean and two standard deviations.

These CSPs were then analysed to select those amino acids that underwent the most
significant changes using the method in Chapter 2.5.2.6. In total there were 15 significant
perturbations (>0.6 ppm), and of those eight were > 0.92 ppm, and so play a major part in
the binding site on LC3B when bound to the LIR of p62. The amino acids with significant
CSPs were then mapped onto the surface of LC3B to identify the binding site of the shorter

p62 LIR peptide (Figure 5.16).

To confirm the method used with the HADDOCK webserver was valid the CSP data was used
as previously to generate a structure for the p62 LIR bond to LC3B. The top structure
generated had a HADDOCK score of -119.7+2.7 (Figure 5.17).
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Figure 5.16: CSP mapping for the binding of p62 LIR peptide to LC3B. Residues are coloured light
purple if the CSP is greater than the mean, purple if greater than the mean and one standard
deviation and blue if above the mean and two standard deviations. Residues with no significant shift
are coloured grey.

Figure 5.17: HADDOCK structure of p62 LIR peptide bound to LC3B. The peptide is
coloured yellow with the active residues Trp338 and Leu341 coloured green. The surface
of LC3B is coloured to indicate the significant shifts seen in the bound form. Residues
coloured light blue had CSPs greater than the mean and one standard deviation and those
coloured dark blue had CSPs greater than the mean and two standard deviations.
Residues coloured grey had no significant perturbation. P55 on LC3B WT is coloured black
for reference.
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The structure produce by HADDOCK was as expected for the binding of p62 LIR peptide with
Trp338 and Leu341 sitting in the two hydrophobic pockets. When compared to the
published data for the binding of the p62 LIR to LC3B, the position of the peptides on the
face of LC3B were very similar (Figure 5.18). There were some differences in the position of
Trp338 and the preceding amino acids. However, the RMSD calculated for the difference
between two structures was 1.094, which confirms that there is a good alighment between
the two positions of LIR [140, 141]. As the published structure is of a crystal complex, some
variation is to be expected due to the difference in conditions between how the two sets of
data were collected (solid vs solution).

Figure 5.18: Comparison of p62 LIR binding to LC3B with crystal structure in green[61] and
the top scoring HADDOCK structure in yellow.

5.5 Discussion

The data acquired in this chapter has allowed for a better understanding of the mode of
binding for the peptides representing the two LIRs of NBR1 and their comparison with the
well-studied interaction of LC3B with the p62 LIR peptide.

5.5.1 Titrations with the LIRs

The titrations with LC3B WT and the three LIRs all showed global changes in the *H->N
HSQC with large numbers of peaks shifting (Figure 5.19). The majority of the peaks that
shifted during the titration underwent slow and intermediate exchange, making assignment
of the end point difficult. Through the assignment of the LC3B WT bound to LIR1 *H-1°>N
HSQC spectrum, and using data from a previous LC3B WT p62 LIR titration, it was possible to
assign the majority of peaks in the endpoint spectrum.
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Figure 5.19: Overlay of H->N HSQC spectra for end points of LC3B WT and LIR titrations.
Spectra shown are LC3B WT (blue), LC3B WT and NBR1 LIR1 (magenta), LC3B WT and NBR1
LIR2 (green) and LC3B WT and p62 LIR (orange).

By analysing the changes in 'H->N HSQC spectrum it was possible determine which were
the most significant shifts. All three titrations had a similar number of significant shifts, with
the titration with NBR1 LIR1 having 13, NBR1 LIR2 having 17 and p62 having 15. By plotting
these on to the surface of LC3B it was clear that all 3 LIRs had very similar interaction
patches. The majority of amino acids with significant CSPs were found around the two
hydrophobic pockets into which the LIR binds. All three titrations had significant
perturbations on R24 and L53 HP1, where the aromatic amino acid on the LIR binds. Around
HP2 all three LIRs had significant shifts on F52, V54 and V58. As well as these common
significant shifts, there were also a number of other significant shifts around these pockets
that varied slightly depending on the LIR binding to the hydrophobic pocket. A list of these
significant shifts is shown in Table 5.1.

When binding to the face of LC3B as well as the interactions of the aromatic and
hydrophobic residues in HP1 and HP2, there are a series of extra hydrogen bonds formed
between the backbones of LC3B and the LIR, with the LIR acting like an additional B-strand
to the central beta sheet (Figure 5.20). The CSPs of the amides are acutely sensitive to
hydrogen bonding, and hence the long range effects that are observed on LC3B when
binding to the LIRs.
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Figure 5.20: HADDOCK structure of NBR1 LIR1 bound to LC3B indicating interactions of the
LIR with the face of LC3B. LC3B -2 is shown in blue and LIR in gold, amide groups are
coloured red and oxygens green. Potential hydrogen bonds between B-sheet and LIR are
circled (purple).

As well as the significant shifts seen on the front face of LC3B associated with the binding of
the LIR, there are also significant perturbations in the core of LC3B and on the rear face. On
closer inspection these significant shifts can be separated into two distinct groups that are
related to the LIR binding into the two separate hydrophobic pockets.
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Figure 5.21: Structure of LC3B showing knock on effect of LIR binding to the hydrophobic
pockets to the secondary structure. Residues that have significant shifts are coloured in
red.

When plotted onto LC3B (Figure 5.21) the significant shifts are localised in two areas, the
first traveling through the central B-sheet, and the second at the top of a-helix 3. The amino
acids F52, T50 and 133 form part of the first hydrophobic pocket, and so as the aromatic
residue binds to the pocket this causes movement within the secondary structure, which is
then passed through the core of LC3B and to the rear face. A similar re-organisation
happens as hydrophobic residue of the LIR binds into the second hydrophobic pocket, which
contains Leu63. This then causes movement throughout the top of the alpha helix. This
structural re-organisation could also optimise the interaction with bound ligand. The long
range perturbations seen on LC3B suggest some degree of induced fit and global tightening
to optimise the interaction, all of which will contribute to the binding free energy.

5.5.2 Comparing the Binding of the LIRs

Using the HADDOCK server to dock the peptides representing the LIRs onto LC3B gave
structures showing where the peptides were binding to LC3B. It is important not to put too
much weight behind structures generated by a simplified docking procedure. However, they
do allow the visualisation of the interactions of the different LIRs with LC3B.

All 3 of the HADDOCK structures showed the LIR peptide binding to LC3B at the known
binding site, with the aromatic residue sitting in HP1, and either the leucine or isoleucine
hydrophobic residue of the LIR binding into HP2.

However, there were differences in how the aromatic residue binds to the first hydrophobic
pocket reflecting the difference in the interaction with tryptophan, phenylalanine and
tyrosine. There was a difference in how the hydrophobic residue sat in the second
hydrophobic pockets and how the other amino acids of the peptide sit on the face of LC3B.
In Table 5.1 is a summary of the amino acids with significant amino acids for the three LC3B
WT titrations and the HADDOCK results.
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Titration

WT-NBR1LIR1

WT-NBR1LIR2

WT-p62LIR

Amino acids with
most significant
CSsP

R24, H27, T50, F52,
V54, V58, N59, Vo1,
S92

R24, H27, T50, F52,
V54, V58, N59, Vo1

L22, R24, L53, V54,
V58, N59, L63, V91

Amino acids with

R21, K51, L53, V83

L22, K51, L53, D56,

R11, V33, 135, F52, V83,

significant CSP N59, V83, S92, V112 S92, V112
HADDOCK run 170 structures 167 structures 164 structures
results 10 clusters 11 clusters 9 cluster

Top scoring 66 structures 49 structures 79 structures
HADDOCK Top score -91.614.4 Top score -102.7+2.9 Top score -119.7+2.7
cluster

Table 5.1: Amino acids with significant CSPs and HADDOCK results for titrations of LC3B
WT with LIR peptides. Those highlighted green appear as a most significant CSP in all
titrations.

All of the HADDOCK runs produced a similar number of structures, with the interaction of
the p62 LIR with LC3B WT having the highest scoring structure. However, the scores for the
top structures for the two LIRs were similar to each other, and still close to that of p62.
NBR1 LIR2 also generated an alternative structure that had a very similar score to the top
scoring cluster (-94.5+1.3/ 47 structures), that showed the LIR in a “reverse” orientation.
Looking at the similarity in the significant shifts between the three LIRs it seems unlikely that
the “reverse” orientation is what is occurring when LIR binds to LC3B WT. However, the
HADDOCK score suggest that the sequence present in LIR2, makes the “reverse” orientation
feasible, which may be of significance for non-standard LIR sequences, of which a number
have been identified.

5.5.3 Comparison of Titration of LC3B WT with NBR1 LIR1 and p62 LIR

To probe the differences between the interaction of the LIR of p62 and LIR1 of NBR1 the
CSPs were subtracted from each other to identify any ligand specific differences (as with the
CSPs from the titration data). As the CSP reflects how the protein “adapts” on the LIR
binding, then significant changes in these values between the two interactions would flag up
differences in how the LIR binds to LC3B. These differences in CSP and the significance cut
offs were then plotted (Figure 5.22).
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Figure 5.22: Plot of differences between CSPs for titrations LC3B WT with NBR1 LIR1 and
p62 LIR. Significant differences are shown in blue (mean + one standard deviation) and
most significant differences is shown in dark blue (mean + two standard deviations).

In total there were 13 CSPs that were significantly different between the two titrations, and
7 of these were classed as the most significant (Table 5.2), with differences in CSP of up to
1.2ppm observed, which are shown graphically and plotted onto the surface of LC3B in
Figure 5.23.

Significant Differences in CSP

Amino Acid P62 LIR CSP NBR1 LIR1 CSP
T12 0.42 0.06
V33 0.80 0.32
135 0.61 0.17
N59 1.08 1.55
S90 0.08 0.46
V112 0.75 0.38

Most Significant Differences in CSP

Amino Acid P62 LIR CSP NBR1 LIR1 CSP
R11 0.88 0.06
L22 0.94 0.39
H27 0.56 CNF
T50 0.55 1.19
F52 0.69 1.43
L53 1.24 0.61
L63 1.53 0.25

Table 5.2: List of significant and most significant differences between the titrations of
LC3B WT with NBR1 LIR1 and p62 LIR. CSP values for each titration are given with CNF
denoting peaks that could not be followed in the titration.

96



1.8
1.6
14
1.2
S 1
a 0.8
0.6
0.4
0.2

R11 T12 L22 H27 V33 135 T50 F52 L53 N59 L63 S90 V112
Amino Acid

s 162 e | [R 1

Figure 5.23: A: Graphical representation of CSPs that are significantly different between
the titration with p62 (blue) and NBR1 LIR1 (orange). B: Overlay of HADDOCK structure for
the binding of p62 LIR (yellow) and NBR1 LIR1 (pink) on the surface of LC3B. Significant
shifts are coloured from light blue and most significant shifts are coloured dark blue.
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The largest changes were seen on amino acids R11, L22, V33, T50, F52, L53 and L63. The
binding with the p62 peptide gave a very large perturbation for R11 on LC3B, whereas for
the NBR1 LIR1 peptide there was hardly any change. From the HADDOCK model we can see
that the amino acids of the peptide interacting with R11, are Asp336 on p62 and Glu730 on
NBR1. From looking at the structure this difference can be attributed to the position of the
peptide giving the shorter chain of Asp336 a better orientation to interact with R11, whilst
Glu730 on NBR1 LIR1 is pointing away from LC3B WT.

There is a larger perturbation for the NBR1 LIR1 on LC3B WT for T50 where Ser728 is likely
to be forming a side chain hydrogen bond, whereas p62 has Gly334 at this position, which
would be unable to interact with T50 in the same way.

The differences around the first hydrophobic pocket show that for L22 and L53 there is a
larger perturbation for p62 than for NBR1 LIR1, whereas the change in H27 and F52 is larger
for NBR1 LIR1 than the LIR of p62. This suggests that Trp338 of p62 is sitting more centrally
between the a-helix 2 and the central beta sheet, whereas Tyr733 on NBR1 sits close to the
central B-sheet. The CSP on V33 is also bigger for p62, suggesting Trp338 sits deeper into the
pocket. The change in aromatic residue binding in HP1 would also cause larger CSP changes
for Trp338 due to larger ring current effects from a tryptophan, leading to large changes in
environment for amino acids that sit close to it in HP1.

Finally the CSP for L63 when binding with p62 was considerably bigger than that of the
binding with NBR1 LIR1 (> 1 ppm), suggesting that Leu341 sits much further into the second
hydrophobic pocket than lle735 on NBR1 LIR1. This could be due to the difference in the
flexibility of side chain fitting into the hydrophobic pocket. Isoleucine is a B-branched
residue and so has restricted rotation about the Co-Cg bond, whereas leucine is more
extended and so can fit into the pocket more easily.

In the literature [113] the interactions of p62 and NBR1 LIR1 with LC3B have been studied,
and it was shown that p62 binds with a slightly stronger binding affinity for LC3B WT (Kq =
1.5 uM) than NBR1 LIR1 (Kg= 2.9 uM). This seems to be in agreement with the titration data,
with the p62 having a different binding interaction with Trp338, causing larger perturbations
in HP1, and Leu341 being able to sit further into HP2 due to it being slightly less bulky than
Ile735 on NBR1 LIR1. There is also the extra interaction p62 Asp336 is able to make with R11
on LC3B, although this is potentially offset by Ser728 on NBR1 LIR1 interacting with T50.

5.5.4 Comparison of Titration of LC3B WT with NBR1 LIR2 and p62 LIR

As for NBR1 LIR1, the difference between the CSPs of p62 and NBR1 LIR2 were calculated.
These values were then plotted with the significance cut offs (Figure 5.24).
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Figure 5.24: Plot of differences between CSPs for titrations LC3B WT with NBR1 LIR2 and
p62 LIR. Value for significant differences (mean and one significant difference) is shown in
blue and most significant differences (mean and two significant difference) is shown in
dark blue.

In total there were 14 significant differences in CSPs between the two titrations of NBR1
LIR2 and p62 LIR with LC3B WT, and of these 6 were classed as most significant. The amino
acids that had significant differences between titrations and the CSP values are given in
Table 5.3, and shown graphically and used to colour the surface of LC3B in Figure 5.25
Significant differences in CSP

Amino Acid P62 LIR CSP NBR1 LIR2 CSP
L22 0.94 0.58
T50 0.55 0.99
D56 0.17 0.55
V58 1.60 1.24
N59 1.08 1.39
F80 0.47 0.17
S90 0.07 0.47
S96 0.04 0.42

Most Significant Differences in CSP

Amino Acid P62 LIR CSP NBR1 LIR2 CSP
R11 0.88 0.32
H27 0.56 CNF
V33 0.80 0.28
F52 0.69 1.60
L53 1.25 0.64
L63 1.53 0.34

Table 5.3: List of significant and most significant differences between the titrations of
LC3B WT with NBR1 LIR2 and p62 LIR. CSP values for each titration are given with CNF
denoting peaks that could not be followed in the titration.
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Figure 5.25: A: Graphical representation of CSPs that are significantly different between
the titration with p62 (blue) and NBR1 LIR2 (orange). B: Overlay of HADDOCK structure for
the binding of p62 LIR (yellow) and NBR1 LIR2 (green) on the surface of LC3B. Significant
shifts are coloured light blue and the most significant shifts are coloured dark blue.
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Again there were a number of large changes around the binding site and surrounding
surface. The differences in CSPs were seen at R11, V33, F52, L53 and L63. There were still
significant differences in the CSPs for L22 and T50. However, these were not as large as the
differences between p62 and NBR1 LIR1. As seen with NBR1 LIR1 There is large CSP for the
interaction of p62 with LC3B at R11, and hardly any with NBR1 LIR2. For NBR1 LIR2 the
HADDOCK model shows R11 in close contact with Leu561, whereas for the p62 LIR it is
Asp336. This then explains why the CSP for R11 is so much smaller for the peptide of NBR1
LIR2, as there is not the electrostatic interaction that is present for p62. The CSP for L22 and
L53 for p62 is still larger than that of Phe563 on NBR1 LIR2, suggesting it sits closer to the
central B-sheet than Trp338 on p62. The CSP for V33 is also bigger for p62, suggesting that
Phe563 on NBR1 LIR2 does not fit as deeply into the hydrophobic pocket as W338 on p62.
The CSP for F52 is considerably bigger for NBR1 LIR2 than p62 (~ 0.9 ppm), showing that
Glu564 of NBR2 is sitting closer than Thr339 of p62. Again the CSP for p62 is considerably
bigger than that for NBR1 LIR2, most likely down to the extra ring current effect present due
to the p62 LIR containing a tryptophan and NBR1 LIR2 having a phenylalanine.

Work carried out in the Searle group [114] has indicated that NBR1 LIR2 is a weaker binder
than NBR1 LIR1, and so subsequently would be a weaker binder than p62. This is confirmed
by the difference seen between the titration data of the LIR of p62 and NBR1 LIR2, with
Trp338 and Leu341 sitting more deeply in the hydrophobic pockets, and the electrostatic
interactions between R11 and Asp336 on p62 stabilising the binding.

5.5.5 Comparison of Titration of LC3B WT with NBR1 LIR1 and NBR1 LIR2

Finally the CSPs of the titration of the two LIR’s of NBR1 were compared. The significant
differences between the CSPs were calculated and plotted with the cut off points (Figure

5.26).
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Figure 5.26: Plot of differences between CSPs for titrations LC3B WT with NBR1 LIR1 and
p62 LIR. Value for significant differences (mean and one significant difference) is shown in
blue and most significant differences (mean and two significant difference) is shown in

dark blue.
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In total there were 17 amino acids that had a significant difference between the CSP for the
titration of NBR1 LIR1 and LIR2 with LC3B WT. However, only four of these were classed as
most significant. A list of the amino acids and the CSP for each titration is given in Table 5.4,
and shown graphically and mapped onto the surface of LC3B with HADDOCK structure for
the LIR binding overlaid (Figure 5.27).

Significant Differences in CSP

Amino Acid NBR1 LIR1 CSP NBR1 LIR2 CSP
F7 0.03 0.20
V20 0.20 0.01
R21 0.59 0.36
L22 0.59 0.36
123 0.15 0.37
135 0.17 0.39
D48 0.08 0.32
K49 0.18 0.40
T50 1.19 0.99
F52 1.43 1.60
D56 0.37 0.55
M60 0.05 0.22
S92 0.92 0.76
Most Significant Differences in CSP
Amino Acid NBR1 LIR1 CSP NBR1 LIR2 CSP
R11 0.06 0.32
134 0.20 0.48
V58 1.83 1.24
V112 0.38 0.67

Table 5.4: List of significant and most significant differences between the titrations of
LC3B WT with NBR1 LIR1 and NBR1 LIR2. CSP values for each titration are given with CNF
denoting peaks that could not be followed in the titration.
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Figure 5.27: A: Graphical representation of CSPs that are significantly different between
the titration with NBR1 LIR1 (blue) and NBR1 LIR2 (orange). B: Overlay of HADDOCK
structure for the binding of NBR1 LIR1 (pink) and NBR1 LIR2 (green) on the surface of
LC3B. Significant shifts are coloured light blue with most significant shifts coloured dark
blue.
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When comparing the CSPs of the two LIRs there were only a few residues that were of the
largest significance. These were R11, 134 and V58. The rest of the significant differences that
were of a lower value were R21, L22, 123 on alpha helix 2, and D48, K49, T50 and F52. There
is a big difference for R11 potentially due to LC3B having to reorganise more due to the
unfavourable interaction with Leu561. The CSPs for D48 and K49 are larger for LIR2 than
LIR1, indicating that Asp559 is interacting with K49 which is then keeping the amide
backbone away from the face of LC3B. The CSPs around the second hydrophobic pocket are
very similar, suggesting that 1le736 of LIR and Leu566 of LIR2 sit in that pocket in a similar
fashion.

As mentioned earlier previous work in the Searle group has indicated that the binding
affinity of NBR1 LIR1 is stronger than that of LIR2. This would seem to mainly be facilitated
by the amino acids preceding the aromatic residue in the LIR sequence. This is backed up by
published results that show that there was no change in the binding affinities of LIR1 with
the Y733F LIR1 peptide mutant [113].

5.6 Summary

This chapter has looked at the interaction of LC3B with the LIR of p62 and the two LIRs of
NBR1 using NMR titrations to understand the details of the binding. The key results were

e Full assignment of the amide backbone in the *H->N HSQC for LC3B and LC3B when
bound to NBR1 LIR1 peptide.

e Titrations confirmed the mode of binding of the two LIRs of NBR1 with LC3B were
similar to that of the LIR of p62.

e HADDOCK docking structures were produced using restraints generated from the
CSPs.

e Using the HADDOCK structures and looking in detail at the differences in CSPs for the
binding of the LIRs with LC3B it was possible to gain greater understanding of the
relative binding affinities of the LIRs.

e Having a tryptophan at the aromatic residue position of the LIR increases the binding
affinity but the preceding amino acids to this play a key part to the binding action,
with interactions between R11, K49 and T50 on LC3B and Asp336 (p62), Asp559
(NBR1 LIR2) and Ser728 (NBR1 LIR1) respectively being observed.

e The amino acids preceding Tyr732 on LIR1 have more favourable interactions with
the face of LC3B than those preceding Phe563 on LIR2 contributing to LIR1 binding
more favourably than LIR2 with LC3B WT.
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Chapter 6

6. Investigating Selectivity Between the two LIRs of NBR1

This chapter aims to investigate further the difference between the two LIRs of NBR1 when
binding to LC3B. This will be done by utilising two mutants of LC3B which alter the binding
sites, and then using NMR titrations to map the binding surface of the interaction. The data
will then be used with HADDOCK to generate structures of the LIR binding to the LC3B
mutants. Finally results from these titrations and HADDOCK structures will be compared
with the data obtained in Chapter 5 for LC3B WT.

Whilst both LIRs contain the standard LIR binding motif of an aromatic and hydrophobic
residue to interact with the two hydrophobic pockets on LC3B, they do differ in the makeup
of amino acids that precede the aromatic residue. NBR1 LIR1 follows the canonical
consensus sequence of an LIR, where the aromatic residue is preceded by acidic residues,
whereas the sequence of NBR1 LIR2 contains mainly hydrophobic amino acids.

The LC3B K51A, L53A mutant (KL mutant) had shown some interesting results in the MS
competition experiments, where the NBR1 LIR2 peptide had bound preferentially to the
LC3B KL mutant, rather than LC3B WT (chapter 4). This can be attributed to the change in
charge on the face of LC3B by mutating a lysine to an alanine, which removes the effect of
the acidic residues preceding the aromatic acid on NBR1 LIR1 interacting with the face of
LC3B, and hence changing the preferred binding partner (for NBR1 LIR1 LC3B WT was the
preferred binding partner over the KL mutant).

The phosphomimetic mutant (T29D mutant) showed similar affinity to LC3B WT for LIR1.

However, for LIR2 the binding affinity for the T29D mutant was slightly less than for the wild
type protein.

6.1 Backbone Assignment of LC3B KL and T29D Mutant
As with the titrations of the NBR1 LIRs with LC3B WT the backbone amide peaks in the *H-
SN HSQC assignment would be required to carry out the titration experiments. It was hoped

that as the changes being made to LC3B were relatively small and on the surface, it would
be possible to transfer the assignment for the wild type directly to the KL and T29D mutant.

6.1.1 LC3B KL Mutant Assignment

On running a *H->N HSQC of a >N enriched sample of the KL mutant it was clear that there
was considerable movement for a number of peaks (Figure 6.1).
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Figure 6.1: Overlay of LC3B WT (blue) and LC3B KL (pink) *H-1>N HSQC.

Whilst it was possible for some peaks to transfer the assignment, for a large number in the
congested regions of the spectra it was not possible. It was thus decided to carry out a full
backbone assignment of the KL mutant so as to assign those peaks in congested regions, and
to confirm the assignment of peaks where it was possible to directly transfer the assignment
from WT to KL spectra.

As with the *H->N HSQC backbone amide assignment a >N and *3C enriched LC3B KL protein
sample was produce (Chapter 2.3.11) and then a series of 3D NMR experiments were
collected. As before, the experiments used were *H->N HSQC, HNCO, HN(CA)CO, HNCA,
HN(CO)CA, HNCACB and HN(CO)CACB (Chapter 2.5.2.2). The *H-°>N HSQC backbone amide
assignment was then carried out using the method in Chapter 2.5.2.4.

Using this method it was possible to assign all but S90, T29 and V91 (97% complete), which
would be more than enough to carry out the titrations with the LIRs of NBR1 (Figure 6.2).
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Figure 6.2: H->N HSQC backbone amide assignment of LC3B KL.
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6.1.2 LC3B T29D Mutant Assignment

The LC3B T29D mutant, unlike the LC3B KL (and not unsurprisingly), showed very few
changes in the *H-1>N HSQC spectrum compared to LC3B (Figure 6.3), and so it was possible
to transfer almost all of the assignment directly from the WT data to the T29D HSQC
spectrum.
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Figure 6.3: Overlay of 'H->N HSQC spectrum of LC3B WT (red) and LC3B T29D (blue).

There were a few peaks that had shifted in the HSQC spectrum (labelled in Figure 6.3), but
apart from D29 these were easy to re-assign. The peak for D29 was in a totally new position
from T29 in the WT spectrum, and so could not be assigned. This would not cause a problem
though with the titrations as all other peaks were assigned, and so there would be enough
information from the other peaks in the titration to understand the interaction with the
LIRs.

6.2 NMR Titrations of LC3B Mutants with the LIRs of NBR1

With the backbone amides in the *H->N HSQC assigned for the majority of amino acids in
the LC3B KL and T29D mutant, it was then possible to carry out the NMR titrations with the
LIRs of NBR1. As previously these titrations were carried out using peptides representing the
LIRs of NBR1, with the sequences ASSEDYIIILPE (residues 727-738 in NBR1), and
AQDLLSFELLD (residues 557-567 in NBR1), used for LIR1 and LIR2 respectively. Samples were
prepared using the method in Chapter 2.5.2.1, and a *H->N HSQC run for each point in the
titration series. Titration data was then analysed using the method in Chapter 2.5.2.5. Finally
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CSPs for the titrations were generated and analysed using the method in Chapter 2.5.2.6,
and HADDOCK structures for the binding interaction generated using the method in Chapter
2.5.2.7.

6.2.1 Titrations with KL Mutant

The NMR titration of the NBR1 LIRs with the LC3B KL mutant showed wide spread
movement of peaks in the TH->N HSQC between the start and end points (Figure 6.4).
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Figure 6.4: Overlay of a selection of 'H->N HSQC NMR spectra for the titration of LC3B KL
with NBR1 LIR1 (A) and NBR1 LIR2 (B). Spectra shown are LC3B KL with zero (red), 0.5
(green), 1 (blue) and 2 (purple) equivalents of NBR1 LIR peptide.

As with the titrations with LC3B WT the peaks were in a mixture of fast, intermediate and
slow exchange, with the majority of the peaks that had moved undergoing intermediate and
slow exchange. Where possible the assignment was copied from the start to the end point
by following the peaks in the titration. However, this was not possible for peaks in slow and
intermediate exchange. To assign these peaks in slow and intermediate exchange, the
assignment of the endpoint for the previous titrations with LC3B WT were used to assist in
deciding which peaks belonged to which amino acid. For the titration of KL with LIR2, there
were slightly fewer peaks in slow and intermediate exchange making it possible to transfer
more of the assignments from the start to end point.

By doing this it was possible to assign 111 of the 119 possible (93%) for the LC3B KL with
LIR1 titration, and LC3B KL with 115 of the 119 (97%) for the LIR2 titration. For the LIR1
titration, the peaks that it was not possible to assign were 123, T29, V33, 135, V83, S90, V91
and S96, and for LIR2 it was R24, T29, L53 and S90. Generally for the peaks where it was not
possible to assign the endpoint it was due to the peak being in a congested area of the 'H-
15N HSQC spectrum, and so it was not possible to confidently identify a peak to transfer the
assignment to. This was less of a problem for the LIR2 titration due to the peaks moving less.
However, the majority of the peaks which were not possible to assign would be those
expected to be around the binding site (and neighbouring amino acids), and so a large
change in environment, and hence shift in peak position would not be unexpected.
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The CSP values for both titrations were calculated and plotted with the significance cut offs

(Figure 6.5).
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Figure 6.5: Graph of CSP values for binding of NBR1 LIR1 (A) and LIR2 (B) peptide to LC3B
KL. The light blue line indicates the mean, the blue line is the mean and one standard
deviation and the purple line the mean and two standard deviations.

As observed for LC3B WT there are a number of large perturbations for amino acids that
form the hydrophobic pockets on the face of LC3B. However, the CSPs for these most
significant amino acids are larger for the titration with LIR2, which in general has larger CSPs
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across the board, which is reflected in the values for the significance cut offs for both
titrations. For the titration with LIR1 there are 8 amino acids that are classed as significant,
with T50, A51, F52, V54 and V58 classed as being most significant and L47, D48, D56 being
classed as significant. For the titration with LIR2 titration there are 11 amino acids that are
classed as significant, with T50, A51, F52, V54, V58 and V83 classed as being most significant
and T12, R16, R21, V33, K49 and V112 being classed as significant. This analysis shows the
titration with LIR1 has fewer significant than that of LIR2, and all of them are localised on
the B-sheet of LC3B. However, taking into account the peaks that could not be followed in
the titrations, and assuming that the peaks are significantly involved in the interaction of
LC3B KL with LIR, makes the titrations more comparable with 16 and 15 amino acids that are
playing a significant part in the interaction for LIR1 and LIR2, respectively.

To get a fuller understanding of the areas on LC3B KL that show the largest CSPs, and play a
part in the interaction with the NBR1 LIR peptides, the CSPs were mapped onto the surface
of LC3B KL (Figure 6.6)
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Figure 6.6: CSP mapping for the binding of NBR1 LIR1 (A) and LIR2 (B) peptide to LC3B KL
mutant. Residues are coloured light purple if the CSP is greater than the mean, purple if
greater than the mean and one standard deviation and blue if above the mean and two
standard deviations. Residues with no significant shift are coloured grey.

The two CSP maps show similar areas of interaction for the LIR with LC3B KL. For LIR1 there
are significant CSPs around the two hydrophobic pockets, with 123, A51 and F52 around HP1
where Tyr732 on the LIR peptide binds, and Val54 and Val58 round HP2 where Ile735 on the
peptide binds. However, there are fewer significant shifts seen, especially on the a-helix
that packs against the B-sheet when compared to the LC3B WT titration. There are also very
few significant shifts in the hydrophobic pockets, suggesting that the tyrosine and Isoleucine
on the peptide are not going as far into the hydrophobic pocket. This suggests that there is
less change, and a potentially weaker binding interaction.

For LIR2 there are large perturbations around HP1, with A51, F52 and A53 undergoing
significant changes. There are then also large shifts seen around HP2, with F52, A53, V54
and V58 showing significant changes. However, for LIR2 there are no significant changes
seen on the far side of HP2. For both titrations there are the same large changes seen
through the body of LC3B KL, where changes around the binding site cause changes in
amino acids packed behind, as discussed above.

For the titration of NBR1 LIR1 with LC3B KL the HADDOCK run generated 184 structures in 3
clusters. The top scoring cluster contained 139 structures with a HADDOCK score of -96.4
10.8. The top scoring structure for this first cluster is given in Figure 6.7. The next highest
scoring cluster only contained 39 structures with a HADDOCK score of -72.1 £2.2, and so the
structures in the first cluster were a much better fit than those in the second cluster.
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Ser728

Figure 6.7: Highest scoring HADDOCK structure of NBR1 LIR1 peptide binding to LC3B KL.
The peptide is coloured yellow with the active residues Tyr732 and lle735 coloured green.
The surface of LC3B is coloured to indicate the significant shifts seen in the bound form.
Residues coloured light blue had CSPs greater than the mean and one standard deviation
and those coloured dark blue had CSPs greater than the mean and two standard
deviations. Residues coloured grey had no significant perturbation.

The HADDOCK structure in Figure 6.7 shows the NBR1 LIR1 peptide sitting in standard LIR
binding orientation, with Tyr732 and lle735 sitting in HP1 and HP2 respectively. Tyr732
seems to be sitting fairly low in HP1, which is reflected in the lack of a significant shift on
A51 on the KL mutant. Ser728 is then close to T50 on LC3B KL, where it is likely to be
forming a hydrogen bond. Glu730 is sat above R11 where it can form an electrostatic
interaction.

For LIR2 the HADDOCK run produced 191 structures grouped into 4 clusters. The top scoring

cluster contained 76 structures with a HADDOCK score of -107.0 +6. The top structure in this
cluster is shown in Figure 6.8
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Figure 6.8: Highest scoring HADDOCK structure of NBR1 LIR2 peptide binding to LC3B KL.
The peptide is coloured yellow with the active residues Phe563 and Leu566 coloured
green. The surface of LC3B is coloured to indicate the significant shifts seen in the bound
form. Residues coloured light blue had CSPs greater than the mean and one standard
deviation and those coloured dark blue had CSPs greater than the mean and two standard
deviations. Residues coloured grey had no significant perturbation.

This structure shows the LIR2 binding to the front face of the KL mutant at the canonical
binding site, with Phe563 sitting in HP1 surrounded by the amino acids with significant CSPs
A52, F52 and A53. Leu566 then sits in HP2. There are also possible interactions between
Ser562 and T50 and Glu564 and K49.

However, the HADDOCK run produced another cluster that contained 102 structures and a
HADDOCK score of -91.2 +3.8. This was a larger cluster size than the cluster showing the LIR
in the standard configuration, and its HADDOCK score was close enough to the highest
scoring cluster to warrant further study. The top scoring structure in the cluster is shown
below (Figure 6.9).
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Figure 6.9: Highest scoring HADDOCK structure from second cluster of NBR1 LIR2 peptide
binding to LC3B KL. The peptide is coloured yellow with the active residues Phe563 and
Leu566 coloured green. The surface of LC3B is coloured to indicate the significant shifts
seen in the bound form. Residues coloured light blue had CSPs greater than the mean and
one standard deviation and those coloured dark blue had CSPs greater than the mean and
two standard deviations. Residues coloured grey had no significant perturbation.

This structure shows the LIR in a reverse configuration, with Leu566 on the LIR binding with
HP1 and Phe563 binding in HP2. This goes counter to the titration data, which gave the
expected set of amino acids that showed significant perturbations in the NMR data, but
does agree with the result found for the LC3B WT LIR2 titration.

To further probe the cause of this reverse configuration being produced with such a high
(and close to the standard orientation) HADDOCK score, a series of HADDOCK runs were
carried out. These included a run where the WT CSPs were applied to the KL mutant
structure, where the KL CSPs were applied to the WT structure, where only a set of core
CSPs were used and finally a set of “select” amino acids that sit central on the binding patch
of LC3B KL were used as active residues. Details of these runs and their results are given in
Table 6.1.
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Run Titration WT CSPs KL CSPs Core CSPs Select CSPs
Data with KL with WT

CSPs used KL + LIR2 WT + LIR2 KL + LIR2 Active = 51,52,53,54
titration titration titration 50,51,52,53,54,58 | (active only)

Passive = 33,49

Structure LC3B KL LC3B KL LC3B WT LC3B KL LC3B KL

Used

Top scoring | -107.016 -101.9+4.8 | -103.0£2.2 | -99.7+0.5 -103.3+2.6

cluster (76/191) (73/168) (96/187) (67/184) (103/185)

(number of

structures)

Top scoring | Standard Standard Standard Standard Standard

LIR

orientation

Next -91.243.8 -96.4+2.1 -91.9+1.7 -93.2+1.9 -91.81£1.0

highest (102/191) 63/168) (85/187) (95/184) (27/185)

scoring

cluster

(number of

structures)

Next Reverse Reverse Reverse Reverse Reverse

highest

scoring LIR

orientation

Table 6.1: Parameters and results of HADDOCK runs carried out to investigate reverse
configuration LIR for LC3B KL titration with NBR1 LIR2 peptide.

The run results show that for all the HADDOCK runs carried out the standard LIR

configuration is present as the top scoring set of structures, and that the reverse LIR
configuration is then the second set of highest scoring structures. The highest scoring
structure, and the biggest difference between the standard and reverse LIR configuration
are seen for the actual KL mutant with NBR1 LIR2 run data. The lowest score for the
standard run configuration is for the set of core CSPs and this also has the smallest
difference between standard and reverse configuration. However, there are not big
differences in HADDOCK score between all the runs.

This suggests that the result is not due to an issue with the CSPs, but with the change in

structure of the KL mutant from the WT, which combined with the LIR2 peptide, makes the
LIR interaction with LC3B KL in a reverse configuration relatively high scoring in HADDOCK.
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6.2.2 Titrations with T29D Mutant

As with previous titrations run with wild type LC3B and the KL mutant, a large number of
peaks had moved over the course of the titration for the LIRs of NBR1 with LC3B T29D
(Figure 6.10).
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Figure 6.10: Overlay of a selection of *H-'>N HSQC NMR spectra for the titration of LC3B
T29D with NBR1 LIR1 (A) and LIR2 (B) peptide. Spectra shown are LC3B T29D with zero
(red), 0.5 (green), 1 (blue) and 2 (purple) equivalents of NBR1 LIR1 peptide.

The peaks that had moved in the *H->N HSQC spectrum of the T29D mutant during the
titration with the two NBR1 LIR1 titrations did so under a mixture of exchange regimes, with
peaks showing fast, intermediate and slow exchanges. As previously, there were a large
number of peaks that underwent slow and intermediate exchange, leading to problems with
assigning peaks in the spectrum. Where possible the endpoint *H-1>N HSQC was assigned by
following the peaks as the amount of LIR increased. However, this was not always possible,
and the data from previous titrations was then used to help assign those peaks it was not
possible to follow in the titration.

This allowed 110 out of 119 (92%) to be assigned for LIR1, and 111 of 119 (93%) for LIR2. For
the LIR1 titration the peaks that could not be assigned were R24, H27, K51, L53, V58, Q59,
V83, S90 and V91, and for LIR2 they were V20, L22, R24, H27, L63, 166, V91 and S96.
Although these peaks could not be followed in the titrations, it is likely that they are
significantly involved in the titration. The calculated CSPs for the two LIR titrations with
T29D with the significance cut offs were then plotted (Figure 6.11).
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Figure 6.11: Graph of CSP values for binding of NBR1 LIR1 (A) and LIR2 (B) peptide to LC3B
T29D. The light blue line indicates the mean, the blue line is the mean and one standard
deviation and the purple line the mean and two standard deviations.

The CSP plots showed a number of amino acids with significant values around the canonical
binding site. For the titration with LIR1 there are 10 amino acids that are classed as
significant, with T50, F52, V54 and S92 classed as being most significant, and R21, L22, T93,
195, S96, V112 being classed as significant. For the titration with LIR2 there are 11 amino
acids that are classed as significant, with T50, F52, V54, V58, N59 and V83 classed as being
most significant, and 134, K51, H86, S92 and V112 being classed as significant. Both titrations
have a similar number of significant amino acids, with LIR2 having slightly larger CSP values.
Taking into account the peaks that could not be followed in the titrations, and assuming that

120



the peaks are significantly involved in the interaction of LC3B KL, means that both titrations
of LIR with T29D have 19 amino acids that have significant changes when binding.

Using the amino acids with significant CSPs to colour LC3B T29D allowed the mapping of the
binding site for the two LIRs of NBR1 (Figure 6.12).

Figure 6.12: CSP mapping for the binding of NBR1 LIR1 (A) and LIR2 (B) peptide to LC3B
T29D mutant. Residues are coloured light purple if the CSP is greater than the mean,
purple if greater than the mean and one standard deviation and blue if above the mean
and two standard deviations. Residues with no significant shift are coloured grey.

The mapped binding site for the interaction of NBR1 LIR1 and T29D follows that of previous
titrations, with large changes seen around HP1 on K51, F52 and L53, and around HP2 on
V54, V58 and L63. However, for LIR2, whilst seeing large perturbations on F52, V54, V58,
L63 and 166 around HP2, there are fewer amino acids with significant changes around HP1.
K51 is not at the highest level of significance like in previous titrations, and L53 is not classed
as significant at all. To better understand these results the HADDOCK structures were
analysed.
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For NBR1 LIR1 the HADDOCK run produced 189 structures in 3 clusters. The top scoring
cluster had a HADDOCK score of -95.5 +4.1 and contained 176 structures. The next best
scoring cluster only contained seven structures, and scored -52.8+2.6, suggesting with high
confidence that the top scoring structure was the best fit for the data from the HADDOCK
simulation. The top scoring HADDOCK structure is shown in Figure 6.13

Figure 6.13: Highest scoring HADDOCK structure of NBR1 LIR1 peptide binding to LC3B
T29D. The peptide is coloured yellow with the active residues Tyr732 and 1le735 coloured
green. The surface of LC3B is coloured to indicate the significant shifts seen in the bound
form. Residues coloured light blue had CSPs greater than the mean and one standard
deviation and those coloured dark blue had CSPs greater than the mean and two standard
deviations. Residues coloured grey had no significant perturbation.

From this HADDOCK structure we can see that that NBR1 LIR1 is binding with LC3B T29D at
the canonical LC3B binding site. Tyr732 on the LIR is inserted into HP1 and lle735 is sitting in
HP2. Tyr732 sits in the centre of HP1 pointing straight down. Ser728 then sits next to T50 on
T29D, potentially forming a hydrogen bond. Glu730 and Asp731 on LIR2 then point towards
R11 and K49, respectively, forming a potential electrostatic interaction. Whilst the CSPs for
T29D on R11 and K49 were not classed as significant, they were still large (being above the
mean) so the interaction is still possible, but the environment of R11 and K49 was not
changed such to warrant a significant CSP.
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For LIR2 the HADDOCK run created 193 structures in only two clusters. The top scoring
cluster had a HADDOCK score of -98.2+0.6 and contained 133 structures. The top structure
for this cluster is shown in Figure 6.14.

Figure 6.14: Highest scoring HADDOCK structure of NBR1 LIR2 peptide binding to LC3B
T29D. The peptide is coloured yellow with the active residues Phe563 and Leu566
coloured green. The surface of LC3B is coloured to indicate the significant shifts seen in
the bound form. Residues coloured light blue had CSPs greater than the mean and one
standard deviation and those coloured dark blue had CSPs greater than the mean and two
standard deviations. Residues coloured grey had no significant perturbation.

From this HADDOCK structure we can see that the NBR1 LIR2 peptide is binding to LC3B
T29D at the canonical binding site. Phe563 is interacting with HP1, and Leu566 is sat in HP2.
However, rather than sitting in HP1, Phe563 is sitting across the pocket. This configuration
accounts for the fact there are large perturbations seen on L22 and H27, and much smaller
changes on K51 and L53. With Phe563 sat so far across the face of LC3B T29D it prevents
Glu564 interacting with K49, and Ser562 interacting with T50, as has been seen previously
with LIR2. Asp559 can also not interact with K49, and instead is located close to T50.

The second highest scoring HADDOCK structure did score -89.8+3.5, which whilst being

relatively high scoring only contained half the structures of cluster one, and the structure
shown was not the “reverse” LIR configuration seen with LC3B WT and KL, but instead it
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showed just Phe563 in HP2. From the titration CSPs this would not account for the
perturbations seen around HP1 and so will not be explored further.

6.3 Discussion

6.3.1 Assigning the KL and T29D Mutant

Both mutants of LC3B had differences in the *H-1°>N HSQC when compared with the LC3B WT
spectrum. This is not unexpected due to altering the structure of LC3B. However, as only
two amino acids were being changed for the KL mutant, and one for the T29D mutant, the
differences would not be expected to be large. Whilst this was true for the T29D mutant
(only a few peaks in the HSQC had shifted), this was not the case for the KL mutant.

For the KL mutant, as mentioned earlier in the chapter, the majority of peaks had moved in
the *H-1>N HSQC when compared with the wild type spectrum. However, the majority had
not moved by much, and a lot of the difficulty of transferring the assignment had been
when there were clusters of peaks and not knowing which one was which.

To check how significant the peak movement was, and to check that for the majority of
peaks it was just due to some structural readjustment, CSPs were calculated for the peaks
between the wild type and KL mutant *H->N HSQC and the significance cut offs were
calculated (Chapter 2.5.2.6). The graph of the CSPs with the significance lines is shown in

Figure 6.15.
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Figure 6.15: Graph of CSPs calculated between LC3B WT and KL H-°N HSQC spectrum.
Lines represent significance cut offs and the values are mean + one standard deviation
(light blue) and mean + two standard deviations (dark blue).

The most significant peak to shift in the *H->N HSQC between the wild type and KL mutant
spectra is that for Phe52. This is not a surprise as it is located between the two mutations on
the face of LC3B, and this would be expected to have a large change in environment. The
rest of the changes were less significant and are mainly located around the mutations. To
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understand these changes better these significant changes were mapped onto a surface of
LC3B (Figure 6.16)

Figure 6.16: Significant CSP values mapped onto surface of LC3B. KL mutation shown in
purple, significant shift shown in blue and most significant in red.

Looking at the surface in Figure 6.16 the majority of the significant shifts occur around the
mutations. However, there are a small number that appear at the top of the a-helix packed
against the binding site (Val20 and Glu25). However, these are quite close to the mutations
internally, which explains the relatively large shift in the *H-1>N HSQC.

For LC3B T29D there were 6 peaks in the *H-°N HSQC that had shifted when compared to
the WT spectrum. When mapped onto the surface of LC3B T29D (Figure 6.17), we can see
that the main changes in the HSQC between wild type LC3B and the T29D mutant are next
to the mutation. However, there are some peak shifts seen on V54 and H57, which are near
to the mutation in the 3D structure of LC3B. These two amino acids border HP2, and in
previous titrations have had significant CSPs.
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H57

Figure 6.17: Changes in the HSQC between LC3B WT and LC3B T29D mapped onto the
surface of LC3B. Mutation site shown in red.

6.3.2 Titrations of the NBR1 LIRs with the LC3B Mutants

As with the previous titrations of LC3B WT with the LIR peptides, the peaks in the 1H-°N
HSQC underwent widespread changes between the start and endpoints of the titration with
the LC3B mutants.

These global perturbations across the whole of LC3B mutants were similar to those seen
with the wild type, and required further analysis of the CSP data to focus on those amino
acids playing a large part in the interaction with the LIRs.

With the most significant amino acids selected, all the titrations of the LC3B mutants with
LIRs showed that the most significant changes were seen around HP1, where Tyr732 (LIR1)
and Phe563 (LIR2) interact, and HP2 where lle735 (LIR1) and Leu566 (LIR2) interact. To
further analyse similarities in the binding site on the LC3B wild type and its mutants, the
amino acids with significant CSPs are shown in Table 6.2.
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Titration | KL-LIR1 | KL-LIR2 | T29D-LIR1 | T29D-LIR2 | WT-LIR1 | WT-LIR2
Amino 123, V33, CA51, | R24,H27, |V20,122, |R24,H27, |R24, H27,
acids with | 135, 50, , A53 K51, | R24, H27, l l l l
most A51, F52, , V58, , 153, ll , V58, , V58,
significant | \/54, /58, | V83, 590, V58, V58, | N59,V91, | N59,V91
CSP V83, S90, N59,V83, | N59,L63, | S92

V91, S96 S90,V91, | 166, V83,

592 V91, S96
Amino L47, D48, |T12,R16, |R21,122, |134,K51, |R21,K51, |L22,K51,
acids with | D56 R21,V33, |T93,195, |HS86,592, |L53,V83 |L53, D56,
significant K49, V112 |S96,V112 | V112 V58, N59,
CSP V83, S92,
V112

Table 6.2: Amino acids with significant CSPs for titrations of LC3B mutants with NBR1 LIR
peptides. Also included are LC3B significant amino acids for reference. Those highlighted
green appear as a most significant CSP in all titrations. Those highlighted yellow appear as
any kind of significant shift in all titrations.

Looking at the list of significant amino acids we can see that there are four amino acids that
appear in every titration with the NBR1 LIR peptides. These are T50, F52, V54 and V58,
which form a central core on the front face of LC3B, forming the sides of hydrophobic
pocket one and two. As well as these four amino acids that have most significant CSPs in all
the titrations, there is also K51 (A51 in KL mutant) and V83 that are in all six titrations as
either a significant, or most significant CSP. K/A51 sits around HP1 ,and V83 although not on
the surface of LC3B, sits on the beta sheet behind HP1. To visualise the amino acids position
on LC3B we can map the significant shifts seen in the titrations onto the structure of LC3B
(Figure 6.18).

Figure 6.18: Significant CSPs for titrations of LC3B with NBR1 LIR1 titrations mapped on to
LC3B WT structure. Those coloured green appear as most significant amino acids in all
titrations. Those coloured yellow are significant or most significant in all titrations. Those
coloured purple appear in at least one titration.
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From Figure 6.18 we can see that the areas experiencing largest perturbations on LC3B WT
and the mutants are all localised in the same areas. As well as these six amino acids that
appear in all the titrations there are also areas of large perturbation that appear in all the
titrations. There are significant shifts seen on the alpha helix (V20, R21, L22, 123, R24 and
H27) sitting alongside the central beta sheet which forms HP1. These are also large
perturbations seen in most of the titrations on the top of LC3B, next to HP1 pockets (S90,
V91, S92, T93 and S96). There are then other amino acids which have significant CSPs, that
appear in some of the titrations, that sit inside or around the hydrophobic pockets (V33, I35,
L63 and 135), and depend upon how the LIR interacts with the hydrophobic pockets. In
general though the amino acids that are experiencing the most significant perturbations are
located around the canonical binding site, and thus the LIRs of NBR1 are binding in a very
similar fashion to LC3B WT and the mutants. The variation in amino acids that are playing a
significant part in the interaction, and the size of the CSP is then dependant on the precise
position of the LIR on the face of LC3B.

Using the list of amino acids with significant CSPs it was then possible to dock the LIRs on
the LC3B mutants using HADDOCK. All four HADDOCK runs carried out produced top scoring
clusters that contained structure showing the LIR binding to the canonical binding site on
LC3B, with the aromatic and hydrophobic residue on the LIR binding to hydrophobic pocket
1 and 2 respectively. A summary of the run results is given in Table 6.3.

Titration KL + LIR1 KL + LIR2 T29D + LIR1 T29D + LIR2
Structures 184(3) 186(5) 188(3) 193(2)
created
(clusters)
Top scoring run | -96.410.8 -107.91£3.2 -95.5#4.1 -98.2+0.6
Cluster 1 Cluster 2 Cluster 1 Clusterl
139 structures 60 structures 176 structures 133 structures
Top scoring LIR | Standard Standard Standard Standard
orientation
Other run of Cluster 1
interest -93.9+2.7
110 structures
Reverse LIR
orientation

Table 6.3: HADDOCK run results for titrations of LIR peptides with LC3B mutants.

For LC3B WT and KL titrations with LIR2, as well as the top scoring cluster, which showed the
LIR in the standard configuration with the aromatic and hydrophobic amino acids in
hydrophobic pocket 1 and 2 respectively, there was also a cluster with a HADDOCK score
around 10 less, showing the LIR in reverse orientation, with the hydrophobic residue on the
LIR in HP1 and the aromatic in HP2. Whilst looking at the mapping of the significant CSPs,
and the pattern around HP1, suggests that this structure is not what is happening when the
LIR is binding to LC3B, it is an interesting result for the LIRs, as it suggests the changes in
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sequence between LIR1 and LIR2 then make the docking of LIR2 in the reverse orientation a
comparably high scoring cluster in HADDOCK.

6.3.3 Comparison for Mutants with LIRs

To better understand how the mutations on LC3B KL and T29D effect the interaction with
the LIRs, and to further understand how the difference in sequences between LIR1 and LIR2
have an impact on binding selectivity, the titrations were compared with those of LC3B WT.
For all the titrations large numbers of peaks moved in the *H->N HSQC. The analysis of data
gave sets of amino acids that had undergone significant changes, which were located
around the canonical binding site for all the interactions of the LIRs with the LC3B mutants.
To better understand where the differences were, the difference in CSPs between the
titrations were calculated, and then those which were significant were selected (Chapter

2.5.2.6).
6.3.4 Comparison of LC3B KL and LC3B WT Titration with NBR1 LIR1

For the titration of LC3B KL with NBR1 LIR1 The difference between CSPs was calculated and
plotted with the significance cut offs (Figure 6.19).
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Figure 6.19: Plot of differences between CSPs for titrations LC3B WT and LC3B KL with
NBR1 LIR1. Value for significant differences is shown in blue and most significant
differences is shown in dark blue.

From this plot we can see that although the majority of CSPs have small differences
between the titrations, that there are 16 that see significant change between the two
titrations. Of the 16 amino acids that had significant differences between titrations, six are

significant and 12 are in the most significant grouping (Table 6.4).
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Significant Differences in CSP

Amino Acid LC3B WT CSP LC3B KL CSP
R21 0.59 0.24
L/A53 0.61 0.12
H86 0.46 0.07
V112 0.38 0.02
Most Significant Differences in CSP
Amino Acid LC3B WT CSP LC3B KL CSP
123 0.15 CNF
R24 CNF 0.09
H27 CNF 0.02
V33 0.32 CNF
135 0.17 CNF
F52 1.43 0.65
V54 1.13 0.48
V58 1.83 0.98
N59 1.55 0.18
V83 0.69 CNF
S90 0.46 CNF
S96 0.34 CNF

Table 6.4: List of significant and most significant differences between the titrations of
LC3B WT and LC3B KL with LIR1. CSP values for each titration are given with CNF denoting
peaks that could not be followed in the titration.

From the tabulated data the majority of significant differences that are around the binding
site have a larger CSP for the titration of LC3B WT with NBR1 LIR1 than the KL mutant. The
exception to this is for 123, V33 and I35, where there are small CSPs in the wild type
titration, but it was not possible to follow the peaks in the KL mutant titration, suggesting
the amino acid is playing significant part in the interaction with the LIR. These significant
differences were then mapped onto the surface of LC3B with the HADDOCK structure for
the LIRs to visualise where on the protein the major differences in interaction with LIR1
were occurring (Figure 6.20).
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Figure 6.20: A: Graphical representation of CSPs that are significantly different between
the titration with LC3B WT and NBR1 LIR1 (blue) and LC3B KL and NBR1 LIR1 (orange). B:
Surface of LC3B WT with significant differences between titration of LC3B WT and LC3B KL
with LIR1 mapped. Significant and most significant differences are coloured light blue and
blue respectively. HADDOCK structure for LIR1 position in binding site are shown for LC3B
WT (green) and LC3B KL (red).
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The HADDOCK structure for LIR1 binding to LC3B shown for the wild type and KL mutant
titration are very similar, with the main differences seen on Tyr732 and the preceding amino
acids. Tyr732 sits slightly further to the left side of HP1, and hence the difference in
perturbation seen at 123 between the two titrations. Glu730 is also moved up on the face of
LC3B KL. The knock on effect of the change in position on Tyr732 and Glu730 seems to have
been to pull Asp731 away from K49, and lessen the interaction. These slight differences are
enough to alter the interaction, which leads to larger CSPs for the interaction of LIR1 with
LC3B WT, implying larger changes to LC3B WT on binding with LIR1. This tied with the MS
competition date from chapter 4, confirms that KL mutant has weakened the interaction of

LIR1 with LC3B KL.
6.3.5 Comparison of LC3B KL and LC3B WT Titration with NBR1 LIR2

Whilst the titration of LC3B KL with NBR1 LIR2 show the LIR interacting at the canonical
binding site, and have similar significant CSPs to the wild type titration, there are noticeable
differences. Whilst the wild type titration has CSPs for L22 and H27 that are classed as most
significant, they are not for the KL mutant titration. A51 and A53 on the KL mutant titration
(K51 and L53 on LC3B WT) have CSPs that are categorised as most significant, whereas they
are only significant in the wild type titration. The Differences in CSPs were plotted with the

significance cut offs (Figure 6.21).
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Figure 6.21: Plot of differences between CSPs for titrations LC3B WT and LC3B KL with
NBR1 LIR2. Value for significant differences is shown in blue and most significant

differences is shown in dark blue.

From comparing the two titrations it was found that there were a total of 14 amino acids
that had differences between the two titrations above the significance threshold, with 11
amino acids being classed as most significant (Table 6.5).
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Significant Differences in CSP

Amino Acid LC3B WT CSP LC3B KL CSP
134 0.48 0.22

135 0.39 0.07

S96 0.42 0.16

Most Significant Differences in CSP

Amino Acid LC3B WT CSP LC3B KL CSP
R16 0.05 0.47

L22 0.58 0.12

H27 CNF 0.01

F52 1.60 1.14

L/A53 0.64 CNF

V54 1.26 0.78

D56 0.55 0.07

N59 1.39 0.31

S90 0.47 CNF

X CNF 0.04

S92 0.76 0

Table 6.5: List of significant and most significant differences between the titrations of
LC3B WT and LC3B KL with LIR2. CSP values for each titration are given with CNF denoting

peaks that could not be followed in the titration.

Looking at the CSPs for the two titrations for these significant differences (Table 6.5) it can
be seen that those that are for amino acids that form the binding site all fall in the most
significant category. To visualise where the differences are precisely the amino acids were
coloured on the surface of LC3B, and the HADDOCK structure for the LIR position for the
two titrations shown (Figure 6.22).
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Figure 6.22: A: Graphical representation of CSPs that are significantly different between
the titration with LC3B WT and NBR1 LIR2 (blue) and LC3B KL and NBR1 LIR2 (orange). B:
Surface of LC3B WT with significant differences between titration of LC3B WT and LC3B KL
with LIR2 mapped. Significant and most significant differences are coloured light blue and
blue respectively. HADDOCK structure for LIR2 position in binding site are shown for LC3B
WT (green) and LC3B KL (red).
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Comparing the two HADDOCK structure for the LIRs and the significant CSP do show more
differences between the WT and KL data. Phe563 is in a very similar position, apart from
being angled slightly back, when interacting with the KL mutant and hence the difference
seen on F52, which whilst having a significant difference between the two titrations, was
still classed as one of the most significant CSPs in both titrations. L53 also shows a significant
difference, and from the HADDOCK structures, Leu561 on LIR sits closer to the face of the KL
mutant, whereas for wild type it points more towards R11 (another significant difference
between the two titrations). The position of Leu566 in HP2 is then very similar between the
wild type and KL mutant, with it being slightly tighter against LC3B KL than with LC3B WT.
Finally Asp567 sits closer to the face of LC3B KL than LC3B WT whilst being in the same
orientation.

These differences all combine to allow LIR2 to be tighter to the face of LC3B KL. This then
supports the observation from the MS competition experiments in chapter four, that
showed that LIR2 bound preferentially to the KL mutant over LC3B WT. From the NMR
titrations it is possible to deduce that with lysine 51 mutated to an alanine, making the face
of LC3B KL less basic, and also altering the environment of R11. Leu561 is then positioned
between A51 and R11, a more favourable interaction than it was with the more basic wild
type LC3B. However, in general there are only small differences in the CSP between the
titrations. These small differences between the interactions of the LIRs then leads to a large
difference in binding preference for LIR2 with the LC3B mutants. Whilst the work here was
done with a mutant that does not appear naturally, it does support the idea that different
ATGS8 proteins, whilst having high sequence alighment, can have small changes around the
binding site which then have a large impact on selectivity of LIR binding partner.

6.3.6 Comparison of LC3B KL Titration with NBR1 LIR1 and LIR2

With the titrations of NBR1 LIR1 and LIR2 with LC3B KL compared with the wild type
titrations, the two titrations of the LIRs with KL mutant were compared. As with all the
previous titrations there are a very similar set of amino acids with significant amino acids,
and so to get a true reflection of where the differences are between the interactions of the
two LIRs with LC3B KL, the difference in CSPs were calculated and plotted (Figure 6.23).
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Figure 6.23: Plot of differences between CSPs for titrations NBR1 LIR1 and LIR2 with LC3B
KL. Value for significant differences is shown in blue and most significant differences is
shown in dark blue.

From this analysis there are 21 amino acids that have significant differences between the
titration of which 12 are classed as most significant. These amino acids and the CSPs for
each titration are given in Table 6.6.

Significant Differences in CSP

Amino Acid LIR1 LIR2
V17 0.07 0.36
R21 0.24 0.46
L47 0.43 0.16
D48 0.31 0.10
V54 0.48 0.78
D56 0.37 0.07
L82 0.13 0.38
K103 0.04 0.27
Y113 0 0.24

Most Significant Differences in CSP

Amino Acid LIR1 LIR2
T12 0.03 0.41
R16 0.03 0.47
123 CNF 0.13
R24 0.09 CNF
V33 CNF 0.48
135 CNF 0.07
K49 0.01 0.41
F52 0.65 1.14
A53 0.12 CNF
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V58 0.98 1.31
V83 CNF 0.75
V112 0.02 0.59

Table 6.6: List of significant and most significant differences between the titrations of
LC3B LIR1 and LIR2. CSP values for each titration are given with CNF denoting peaks that
could not be followed in the titration.

This is a large number of amino acids that show significant differences which appear to be
spread over LC3B KL. To gain better insight into the areas where the LIR interactions differ
the amino acids were used to colour the surface of LC3B KL (Figure 6.24)
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Asp567

Leu561
Glu730

the titration with LC3B KL and NBR1 LIR1 (blue) and NBR1 LIR2 (orange). B: Surface of
LC3B KL with significant differences between titration of LC3B KL with NBR1 LIR1 and LIR2.
Significant and most significant differences are coloured light blue and blue respectively.
HADDOCK structure for LIR position in binding site are shown for LIR1 (green) and LIR2
(red).

Comparing the HADDOCK structures of LIR1 and LIR2 interacting with LC3B KL, we can see
that Phe563 on LIR2 sits more centrally in HP1 than Tyr732 on LIR1. The amino acids that
follow the aromatic residues are in similar positions, but with those on LIR2 pulled further
across the face of LC3B KL. This seems to be driven by an interaction between D56 on KL and
Asp567 on LIR2. The end result is that LIR2 sits closer to the face of the KL mutant. For the
amino acids preceding the amino acids on the LIRs, interactions with Asp559 on LIR2 and
K49 and Glu730 on LIR1 with R11 can be observed. As mentioned previously Leu561 on LIR2
is able to sit closer to the face of the KL mutant.

6.3.7 Comparison of LC3B T29D and LC3B WT Titration with NBR1 LIR1

To see how the phosphomimetic mutant LC3B T29D alters the interaction of LC3B with LIR1
the wild type and T29D data for the titrations with LIR were compared. The difference in
CSPs were calculated, and the standard significance test applied to the values. These values

138



were then plotted and the thresholds for level of significance marked on the plot (Figure

6.25).
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Figure 6.25: Plot of differences between CSPs for titrations LC3B WT and LC3B T29D with
NBR1 LIR1. Value for significant differences is shown in blue and most significant
differences is shown in dark blue.

This analysis shows that there are 12 amino acids that have a difference in CSPs between

the two titrations above the significance threshold (including those that could not be

followed in either titration) with 9 of those being in the most significant category. These

amino acids and the CSPs for each titration are given in Table 6.7.

Significant Differences in CSP

Amino Acid LC3B WT CSP LC3B T29D CSP
K30 0.04 0.16
S92 0.92 1.05
E117 0.17 0.01
Most Significant Differences in CSP
Amino Acid LC3B WT CSP LC3B T29D CSP
T50 1.19 0.86
K51 0.78 CNF
L53 0.61 CNF
D56 0.37 0.20
V58 1.83 CNF
N59 1.55 CNF
V83 0.69 CNF
H86 0.46 0.21
S90 0.46 CNF

Table 6.7: List of significant and most significant differences between the titrations of

LC3B WT and LC3B T29D with LIR1. CSP values for each titration are given with CNF
denoting peaks that could not be followed in the titration.
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From this table we can see that the number of amino acids that have been categorised as
most significant is perhaps misleading, as there are a number of peaks in the T29D titration
that could not be followed. For V58 and N59 the peaks could not be followed in the T29D
titration, but also have a large value in the wild type titration, indicating that the amino
acids underwent significant changes in both titrations. If these amino acids are ruled out
then there are four amino acids, K30, T50, K51 and L53 on the surface of LC3B that have
significant differences (Figure 6.26)
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Figure 6.26: A: Graphical representation of CSPs that are significantly different between
the titration with LC3B WT and NBR1 LIR1 (blue) and LC3B T29D and NBR1 LIR1 (orange).
B: Surface of LC3B WT with significant differences between titration of LC3B WT and LC3B
T29D with LIR1 mapped. Significant and most significant differences are coloured purple
and blue respectively. HADDOCK structure for LIR1 position in binding site are shown for
LC3B WT (green) and LC3B T29D (red).

Looking at where the significant differences between the two titrations occur, in
conjunction with the HADDOCK structures for the position of LIR1 on LC3B WT and LC3B
T29D, the main variations are around HP1, and how Tyr732 inserts in this pocket and the
preceding amino acids on the LIR. T50 shows a larger CSP for the WT titration, with the
position of LIR1 closer to the centre of the face of LC3B. Tyr732 then sits slightly closer to
K51 on the T29D structure. Glu730 sits in a slightly different orientation close to R11, and so
does Asp731 with K49. Ser728 then sits slightly closer to T50 for LIR2. However, the position
of LIR1 for the rest of the peptide varies very little between LC3B WT and LC3B T29D. LIR1
does appear to be slightly closer to the face of LC3B WT than for T29D but only marginally.
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The T29D mutation appears to have very little effect on how LIR1 binds to LC3B, and this is
backed up by the MS competition results in chapter 4, that show there is a slight preference

for LC3B WT over T29D.
6.3.8 Comparison of LC3B T29D and LC3B WT Titration with NBR1 LIR2

Whilst the standard set of key amino acids were present in both the titration of LC3B WT
and LC3B T29D with LIR2, there were almost double the number classed as most significant
in the T29D titration (14 for T29D and 8 for WT). The values for the differences in CSP and

the significance cut off were plotted (Figure 6.27).
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Figure 6.27: Plot of differences between CSPs for titrations LC3B WT and LC3B T29D with
NBR1 LIR2. Value for significant differences is shown in blue and most significant
differences is shown in dark blue.

In total there were 14 amino acids that had significant differences in CSP between the
titration LC3B WT and LC3B T29D with NBR1 LIR2, and of those ten were classed as being
most significant. The amino acids and the values for the CSPs for the two titrations are given

in Table 6.8.

Significant Differences in CSP
Amino Acid LC3B WT CSP LC3B T29D CSP
T50 0.99 0.82
N59 1.39 1.22
F80 0.17 0.34
V98 0.06 0.26
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Most Significant Differences in CSP

Amino Acid LC3B WT CSP LC3B T29D CSP
V20 0.01 CNF
L22 0.58 CNF
123 0.37 0.06
L53 0.64 0.22
D56 0.55 0.06
V58 1.24 1.56
L63 0.34 CNF
166 0.17 CNF
L82 0.44 0.12
S96 0.42 CNF

Table 6.8: List of significant and most significant differences between the titrations of
LC3B WT and LC3B T29D with LIR2. CSP values for each titration are given with CNF
denoting peaks that could not be followed in the titration.

To understand where these differences are on LC3B and to better understand how the
interaction of LIR2 varies between the two LC3Bs the significant amino acids were mapped
onto LC3B along with the HADDOCK structures for the position of LIR2 calculated from the
data from the two titrations (Error! Reference source not found.).
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Figure 6.28: A: Graphical representation of CSPs that are significantly different between
the titration with LC3B WT and NBR1 LIR2 (blue) and LC3B T29D and NBR1 LIR2 (orange).
B: Surface of LC3B WT with significant differences between titration of LC3B WT and LC3B
T29D with LIR2 mapped. Significant and most significant differences are coloured light
blue and blue respectively. HADDOCK structure for LIR2 position in binding site are shown
for LC3B WT (green) and LC3B T29D (red). The top image shows the front face of LC3B WT
with the bottom image being side on.

From the HADDOCK structures for the LIR positions, we can see the major change is that
Phe563 for the T29D data is sitting across the face of HP1, whereas for the WT titration it
sits centrally in the pocket. This has the knock on effect of dragging the amino acids
preceding the aromatic across the face of LC3B T29D. The result of this is that Asp559 is not
as close to K49 on LC3B T29D as it is for LC3B WT, and so the electrostatic interaction would
be lessened. As well as the difference around hydrophobic pocket one, Leu566 also sits
deeper in HP2 with V58, L63 and 166 showing larger perturbations in the T29D titration than
that of the wild type.
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However, it is not clear exactly how the T29D mutation alters the interaction with NBR1
LIR2. One option is that the T29D mutant alters HP2 which allows Leu566 to fit deeper in the
hydrophobic pocket, thus pulling the LIR further across the face of T29D preventing Ph563
sitting properly in HP1. Another option is that the mutation alters the alpha helix that forms
HP1, which alters the position of Phe563 in the hydrophobic pocket. There is also the
change in the charge around HP2, which could alter how Asp567 interacts.

The binding interaction of NBR1 LIR2 with LC3B T29D from the titration data and resulting
HADDOCK structure has changed from the LC3B WT, and yet from the MS competition
experiments in chapter 4, LIR2 has similar affinity for both LC3B WT and T29D. However, this
may not reflect the true preference between the two LC3s, as LIR2 showed such a strong
preference for the KL mutant that the difference between LC3B WT and T29D may have
been lost in the noise. If the ratios of complex to free protein of LC3B WT and T29D are
compared at the end point of the titration, then the value is a third higher for the wild type,
implying LIR2 binds to LC3B WT preferentially over T29D. However, to further analyse this
and confirm the result, a separate competition experiment would need to be carried out,
with just LC3B WT and LC3B T29D present with LIR2.

6.3.9 Comparison of LC3B T29D Titration with NBR1 LIR1 and LIR2

Finally the titration data of the T29D mutant with the two LIRs of NBR1 were compared to
analyse the effect the different sequences the LIRs have on the binding interaction. The
difference in CSP between the two titrations were calculated and then analysed for
significance. The values for the differences in CSP between titrations and the thresholds for

the significance levels were then plotted (Figure 6.29).
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Figure 6.29: Plot of differences between CSPs for titrations NBR1 LIR1 and LIR2 with LC3B
T29D. Value for significant differences is shown in blue and most significant differences is

shown in dark blue.

In total there are 13 amino acids with significant differences in CSP, and of those 11 were
classed as most significant. The amino acids and the values for the CSPs for the titrations of
LC3B T29D with NBR1 LIR1 and LIR2 are given in Table 6.9.
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Significant Differences in CSP

Amino Acid LIR1 LIR2
134 0.20 0.55
V112 0.39 0.77

Most Significant Differences in CSP

Amino Acid LIR1 LIR2
V20 0.13 CNF
L22 0.39 CNF
K51 CNF 0.72
L53 CNF 0.22
V58 CNF 1.56
N59 CNF 1.22
L63 0.26 CNF
166 0.02 CNF
V83 CNF 0.94
S90 CNF 0.47
S96 0.42 CNF

Table 6.9: List of significant and most significant differences between the titrations of
LC3B T29D with LIR1 and LIR2. CSP values for each titration are given with CNF denoting
peaks that could not be followed in the titration.

Whilst in the titration for T29D with LIR1 the peaks for V58 and N59 could not be followed,
they also had a large CSP in the T29D titration with LIR2, and so they will be removed from
the set of significant amino acids. To understand where on LC3B T29D that these differences
occur the amino acids that had significant differences were mapped onto the surface of
LC3B T29D with the HADDOCK structures for the position of LIR1 and LIR2 shown (Figure
6.30).
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the titration with LC3B T29D and NBR1 LIR1 (blue) and NBR1 LIR2 (orange). B: Surface of
LC3B T29D with significant differences between titration of LC3B T29D with NBR1 LIR1 and
LIR2. Significant and most significant differences are coloured light blue and blue
respectively. HADDOCK structure for LIR position in binding site are shown for LIR1 (green)
and LIR2 (red). The top image shows the front face of LC3B T29D with the bottom image
being side on.

The differences are located around hydrophobic pocket 1 and 2. For LIR2 the peak of L22
could not be followed in the titration, whereas there is a relatively small CSP for the LIR1
titration. This ties in with the HADDOCK structure showing Phe563 on LIR2 sitting across the
face of HP1. This is then a different position of Tyr732 on LIR1 which sits more centrally in
HP1, and hence the larger CSPs seen on K51 and L53 seen for the titration with LIR1. Leu566
sits much further into the HP2 than Ile735 on LIR1, and hence the large CSPs seen on L63
and 166 on LC3B T29D when titrated with LIR2.

The phosphorylation mimic T29D suggests that the phosphorylation at T29, has a large
effect on the mode of binding of NBR1 LIR2, but little change in how LIR1 binds. However,
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the data is not clear as to whether this is due to the T29D mutant altering HP2 and the
interaction with Leu566 which shifts Phe563, or the opposite and it alters HP1 changing the
interaction with Phe563, which has the knock on effect of shifting Leu566 or a bit of both. As
the interaction of the aromatic with HP1 is the main driving force of the LIR binding to the
LC3B this is the most likely, but some structural studies would be required to clarify this
(crystal or NMR structure).

6.5 Summary

This chapter has dealt with the NMR titrations of NBR1 LIR1 and LIR2 with the LC3B mutants
KL and T29D. Below is a summary of the key points from the chapter

e An assigned 'H->N HSQC for T29D and KL mutant was produced. For the T29D
mutant this was a case of just transferring the assignment from the wild type
spectrum. However, for KL this was not possible and so 3D data was acquired and
the 'H->N HSQC assigned.

e Titrations for both mutants with NBR1 LIR1 and LIR2 were carried out and HADDOCK
structures were generated showing the LIRs binding to the canonical binding site on
LC3B.

e As well as this “standard” orientation of LIR for the LIR2 titration data HADDOCK
produced a relatively high scoring “reverse” orientation with both LC3B WT, KL and
T29D with the aromatic in the LIR in HP2 and the hydrophobic residue in HP1. Whilst
it is unlikely that this is how the LIR is actually binding it shows that the acidic
residues missing from LIR2 and the change in aromatic then makes a HADDOCK
structure with the reverse configuration possible.

e The CSPs from the interaction of LIR1 with LC3B KL are on the whole less than that
for the wild type titration. The HADDOCK structures show that LIR1 is closer to the
face of LC3B WT than LC3B KL. The mutation of lysine 51 to an alanine has reduced
how basic the face of LC3B KL is and so the interaction with LIR1 is less stabilised by
the preceding acidic residues than that for the wild type.

e For The titration LC3B KL with NBR1 LIR2 has a very similar data to the titration with
LC3B WT. However, changing the charge of the face of LC3B allows L560 on LIR2 to
sit closer to the face of LC3B.

e The interaction of the T29D mutant with LIR1 has changed very little from the
interaction with LC3B WT indicating that phosphorylation at this site would not have
a major effect on the interaction with NBR1 LIR1, at least at the structural level.

e The interaction of NBR1 LIR2 with LC3B T29D shows Phe563 sitting across the face of
HP1 and Leu566 sitting tight into HP2. This interaction is different from how LIR2 sits
on LC3B WT and how LIR1 interacts with T29D. Hence the T29D mutation can alter
the binding of LC3B with LIRs but it is based on the sequence of LIR interacting with
LC3B.
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Chapter 7

7. Interaction of LC3A with the LIRs of NBR1

This chapter aims to investigate further the preference of the two LIRs of NBR1 to bind to
LC3A over LC3B discovered in Chapter 4. This will be examined through NMR titration
experiments, which will allow the binding site of the LIRs on LC3A to be mapped. The amino
acids that are shown to play a significant part in the interaction will then be used with the
HADDOCK webserver to produce a structure of the LIRs bound to LC3A. The CSPs and
HADDOCK structure of the interaction of the NBR1 LIRs with LC3A will then be compared to
those of LC3B, to better understand the preferential binding observed.

From the MS competition experiments carried out in Chapter 4, it was interesting to note
that for both LIRs of NBR1, there was a preference to bind to LC3A over LC3B, with roughly
double the amount of LC3A-LIR to LC3B-LIR complex present.

LC3A has the most similar structure to LC3B of all the ATG8 proteins with there being 82.5%
sequence alignment (Figure 7.1).

9
PSDRPFKQRRSFADRCKEVQQIRDQHPEKIPVIITERYKGEKQLPVLDKTKFLVPDH
LG PSEKTFKQRRIFEQRVEDVRLIREQHPEIKIPVIITERYKGEKQLPVLDKTKFLVPDH
60 10 8 %0 100 10
LGAVNMSELYKI I RRRLQLNPTQAFFLLYNQHSMYSVSTPI AB| YEQEKDEDGFLYNMVYASQETFG
LGB YNMSEL|KITRRRLQLNANQAFFLLVNGHSMVSVSTPI SEMYESEKDEDGFLYMVYASQETFG

Figure 7.1: Sequences of LC3A and LC3B. Differences in the sequences are highlighted with
green denoting a change to a similar type of amino acid and blue denoting a change to an
amino acid of a different type.

Of the 21 differences in sequence 8 are a change to an amino acid of the same type (serine
for threonine, aspartate for glutamate, asparagine for glutamine etc.). Overlaying the
structures of LC3A and LC3B show that the two proteins structures are very similar (Figure
7.2).
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Figure 7.2: Overlay of LC3A and LC3B Structure. LC3A is shown in red (PDB structure
3WAL) and LC3B is shown in green (PDB structure 3VTU).

When mapping the changes in sequence on to the structure of LC3B (Figure 7.3), it can be
seen that the majority of the differences appear on the first two a-helices that pack against
the central beta sheet.

Figure 7.3: Differences between LC3A and LC3B sequences mapped onto the structure of
LC3B. Differences in the sequences are highlighted with green denoting a change to a
similar type of amino acid and blue denoting a change to an amino acid of a different

type.
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As the first hydrophobic pocket, into which the aromatic residue of the LIR fits, is formed by
the second alpha helix packing against the beta sheet, any changes to the amino acids that
are involved could change the interaction with the LIR.

7.1 NMR Backbone Assignment of LC3A

Before the titrations could be carried out an assignment of the backbone amides in the H-
15N HSQC for LC3A was required. A uniformly *°N and 13C labelled LC3A protein sample was
produced (Chapter 2.3.11), and a *H->N HSQC and the standard set of forward and reverse
3D experiments (HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB and HN(CO)CACB) for
assignment were acquired. The peaks *H->N HSQC were then assigned using the standard
method (Chapter 2.5.2.4), and an example of the linking of peaks in the HNCACB and
HN(CO)CACB is given below (Figure 7.4).
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Figure 7.4: Example of linking C, and Cg peaks using HNCACB (blue and red peaks) and
HN(CO)CACB (pink and green peaks).
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By following the assignment procedure it was possible to assign 101 out the 113 non-proline
amino acids present in LC3A WT (Figure 7.5). This 90% assignment of the *H->N HSQC would
be complete enough to carry out NMR titrations with the LIRs of NBR1, especially as there
were no large blocks missing. The missing amino acids were throughout the protein (S3, F7,
K8, S12, G40, V83, N84, Q85, V89, V91, 195 and L109), and so would not prevent observation
of the interaction through the canonical binding patch.
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Figure 7.5: *H->N HSQC assignment of LC3A WT.
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7.2 NMR Titrations of LC3A with the LIRs of NBR1

7.2.1 Titrations with NBR1 LIR1

As per the previous NMR titrations, a peptide with the sequence of ASSEDYIIILPE was used
to represent LIR1 of NBR1, which was then titrated with full length (1-121) **N enriched

LC3A WT. LIR1 peptide was titrated into the protein sample and a *H->N HSQC acquired

until a ratio of 2:1 of peptide to protein was reached (Figure 7.6).
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Figure 7.6: A selection *H-1°>N HSQC’s from the titration of NBR1 LIR1 Peptide with LC3A
WT. Where red is 0 equivalents of peptide and blue is 2 equivalents. Orange, pink and
green are 0.3, 0.5 and 0.8 equivalents of peptide respectively.

As with the titrations of LC3B a large number of peaks on the LC3A *H->N HSQC moved. The
majority of the peaks that moved did so under fast and intermediate exchange regimes, and
so it was possible to follow the majority peaks in the titration. Taking the positions of the
peaks in the *H-1>N HSQC for 0 and two equivalents of LIR (start and finish of the titration), it
was then possible to calculate CSPs for the amino acids (Figure 7.7), with some large CSP

effects of up to 1.4 ppm observed.
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Figure 7.7: Plot of CSPs for titration of LC3A WT with peptide representing LIR1 of NBR1.
The light blue line is the mean value, the blue is the mean plus one standard deviation and
the dark blue line is the mean and two standard deviations.

To focus on those amino acids that were most involved in LIR1 binding to LC3A the peaks
which had the most significant CSPs were selected (Chapter 2.5.2.6). These significant
amino acids were then used to colour the structure of LC3A to show the areas of largest

perturbation, and allow visualisation of the binding site (Figure 7.8).

Figure 7.8: CSPs for NMR titration of LC3A with peptide representing NBR1 LIR1 mapped
to structure of LC3A. Amino acids with CSPs with a value greater than the mean, mean and
standard deviation and mean and two standard deviations are coloured light blue, purple

and dark blue respectively.

The most significant perturbations on LC3A are seen by amino acids T50, V54, V58 and N59,
which run up the centre of the front face of LC3A, between the two hydrophobic pockets.
There are also significant shifts on H27 and K51 that surround HP1. This seems to indicate
that LIR1 of NBR1 bind to the face of LC3A in a similar way to that of LC3B, with the aromatic
Tyr733 and lle736 sitting in the hydrophobic pockets on the front face of LC3A.

To further investigate how LIR1 of NBR1 interacts with LC3A HADDOCK server was used to
dock LIR1 onto LC3A (Chapter 2.5.2.7). The HADDOCK run produced 169 structures in 9
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clusters with the top scoring cluster containing 76 of these structures. However, the
HADDOCK score for the top structure was only -72.1 £5.1, which was not particularly high,
and when the structure was analysed it did not show the expected structure for the LIR1
peptide binding to LC3A (Figure 7.9).

Figure 7.9: Highest scoring HADDOCK structure of NBR1 LIR1 peptide bound to LC3A. The
peptide is coloured green with the active residues Tyr733 and lle736 coloured yellow. The
surface of LC3A is coloured to indicate the significant shifts seen in the bound form.
Residues coloured light blue had CSPs greater than the mean and one standard deviation
and those coloured blue had CSPs greater than the mean and two standard deviations.
Residues coloured grey had no significant perturbation.

Instead of the expected structure where Tyr733 binds to HP1 and 1le736 binds to HP2, we
see a structure where Tyr733 sits in HP2, and the rest of the peptide lies across the top of
LC3A covering V58 and N59. On analysing the structures in the other Haddock clusters, one
cluster did produce a structure more similar to the canonical structure (Figure 7.10).
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Figure 7.10: Alternative HADDOCK structure of NBR1 LIR1 peptide bound to LC3A. The
peptide is coloured green with the active residues Tyr733 and lle736 coloured yellow. The
surface of LC3A is coloured to indicate the significant shifts seen in the bound form.
Residues light blue had CSPs greater than the mean and one standard deviation and those
coloured blue had CSPs greater than the mean and two standard deviations. Residues
coloured grey had no significant perturbation.

However, the HADDOCK score for this structure was only -42.8 +4.7 and the Tyr733 is not
actually sitting in HP1 but on the surface at the bottom of LC3A. To further probe why
HADDOCK was producing these structures rather than the canonical LIR binding interaction,
a number of HADDOCK runs were carried out where the active and passive residues were
varied. A summary of the residues used and the results of these runs can be found in Table
7.1.
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Run 1 2 3 4 5

LC3 LC3A LC3A LC3A LC3B LC3A

Structure

NMR LC3A + LIR1 LC3A + LIR1 LC3B + LIR1 LC3A +LIR1 | LC3A +LIR2

titration

CSPs used

Active Mean + 2 x Mean + 1 x Mean + 2 x Mean + 2 x Mean + 2 x

residue standard standard standard standard standard
deviation deviation deviation deviation deviation

Passive Mean + 1 X Mean Mean + 1 X Mean+1X | Mean+1X

residues standard standard standard standard
deviation deviation deviation deviation

Top -72.1+5.1 -62.9+5.9 -63.9+2.0 -97.1+2.8 -69.9+1.9

structure 76/169 30/168 57/156 63/179 93/155

HADDOCK

Score and

number of

structures

Location of | Aromaticin Aromatic in Aromatic in Expected Aromaticin

LIR1 on top | hydrophobic | hydrophobic | hydrophobic | canonical hydrophobic

score pocket 2 pocket 2 pocket 2 structure pocket 2

Canonical No Yes No Yes No

structure -57.313.1

present 21/168

Table 7.1: Summary of Haddock runs carried out to probe interaction of NBR1 LIR1
peptide with LC3A.

For HADDOCK run 2 a greater number of residues were used for the active residues (any CSP
with a value greater than the mean and one standard deviation) and passive residues (CSP
value greater than the mean). This would then more clearly define the regions of
interaction. However, as with run 1, the top scoring HADDOCK structure was with Tyr738 in
HP2. With this set of active and passive residues there was a cluster of structures that had
the LIR peptide binding in the standard LIR-LC3 fashion, and with a similar HADDOCK score
to the top scoring aromatic in HP2 structure. However, the HADDOCK scores were relatively
low. Run 3 used the CSPs from the titration of LC3B WT with NBR1 LIR1 to see if it was an
issue with the CSPs used or with the protein structure. Again the highest scoring cluster
contained structures where Tyr738 interacts with HP2. This implies that the change in

sequence between LC3A and LC3B is the main cause in HADDOCK producing a structure of
LIR1 bound to LC3A that is different from the normal binding site.

To confirm that the difference in sequence between LC3A and LC3B is the main influence on
the alternative binding structure produced by HADDOCK, run 4 used the active and passive
residues from the LC3A WT with NBR1 LIR1 titration, but with the structure of LC3B. This run
gave the top scoring cluster as a series of structures with standard interaction between LC3s
and an LIR (aromatic in HP1 and hydrophobic amino acid in HP2). The HADDOCK score for
the top structure was also comparable to those for the actual HADDOCK run of LC3B WT
with NBR1 LIR1. This gave further confirmation that the difference in sequence between
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LC3A and LC3B is the major contributing factor to the difference in HADDOCK binding
structures.

Finally for completeness run 5 uses the active and passive residues for the titration of LC3A
with NBR1 LIR2 (results to be discussed in the following section). This gives a similar result to
runl and again suggests the CSPs used to select the active and passive residues are not a
major contributing factor to the structure produced.

Whilst the HADDOCK structures produced do not necessarily mean that this is how NBR1
LIR1 binds with LC3A, and looking at the CSPs mapped on the surface of LC3A (figure 7.9) it
is likely that LIR1 does bind with LC3A in the standard way. It does however, show that there
are some interesting differences in the structures of LC3A and LC3B that will influence the
binding interactions with LIRs.

7.2.2 Titrations with NBR1 LIR2

For the NMR titrations of LC3A WT with LIR2 of NBR1, the same peptide that had been used
with the mutants of LC3B was used, with the sequence AQDLLSFELLD. This was titrated into
a sample of >N enriched LC3A WT until a concentration of two equivalents of peptide to
protein was reached. At each point in the titration a *H->N HSQC was acquired which would
be used to follow the peak movements during the titration (Chapter 2.5.2.3).

On overlaying the spectrum it was noticed that as with the previous titration with LIR1 that
a large number of peaks had moved (Figure 7.11).
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Figure 7.11: A selection *H-1>N HSQC’s from the titration of NBR1 LIR2 Peptide with LC3A
WT. Where red is 0 equivalents of peptide and blue is 2 equivalents. Orange, pink and
green are 0.3, 0.5 and 0.8 equivalents of peptide respectively.

For the titration of NBR1 LIR1 with LC3A WT the majority of the peaks had undergone
intermediate exchange. However, for the titration with the LIR2 peptide, the vast majority
of peaks underwent fast exchange, with only a few undergoing intermediate exchange. This
made it possible to fully copy the assignment of LC3A WT with no LIR peptide to the end
point of the titration, with two equivalents of peptide present. With the peaks in the end
point 'H-1>N HSQC assigned, it was then possible to calculate CSPs for the amino acids and
select those amino acids that had peaks with significant CSPs (Chapter 2.5.2.6). These CSPs
and the significance cut offs were then plotted (Figure 7.12).
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Figure 7.12: Plot of CSPs for titration of LC3A WT with peptide representing LIR2 of NBR1.
The light blue line is the mean value, the blue is the mean plus one standard deviation and
the dark blue line is the mean and two standard deviations.

With the amino acids that had the most significant changes selected, the structure of LC3A
WT was then coloured to indicate where these were, which would hopefully then provide

the location of the binding site (Figure 7.13).

Figure 7.13: CSPs for NMR titration of LC3A with peptide representing NBR1 LIR2 mapped
to structure of LC3A. Amino acids with CSPs with a value greater than the mean, mean and
standard deviation and mean and two standard deviations are coloured light blue, purple

and dark blue respectively.

Looking at the areas of large perturbation there are two regions where significant shifts are
seen. The first sits around HP1 where Q22, Q26, L53 and K51 form a pocket into which the
Phe563 on the LIR2 peptide can sit. There is then a band of amino acids with significant
perturbations on V54, V58 and N59 that sit alongside the second hydrophobic pocket,
where you would expect Leu566 on the LIR2 peptide to bind.
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This data seems to fit the standard perturbations seen on the face of an LC3 when binding
to an LIR. However, to get a better idea of how the peptide for NBR1 LIR2 binds to LC3A,
HADDOCK webserver was used (Chapter 2.5.2.7). This HADDOCK run produced a total of 174
structures. The top scoring cluster had a HADDOCK score of -83.2+5.7 and contained 60
structures. On analysing the top structure within this cluster the NBR1 LIR2 peptide is bound
to the face of LC3A in the standard configuration (Figure 7.14).

Figure 7.14: Highest scoring HADDOCK structure of NBR1 LIR2 peptide bound to LC3A. The
peptide is coloured green with the active residues Phe563 and Leu566 coloured yellow.
The surface of LC3A is coloured to indicate the significant shifts seen in the bound form.
Residues light blue had CSPs greater than the mean and one standard deviation and those
coloured blue had CSPs greater than the mean and two standard deviations. Residues
coloured grey had no significant perturbation.

This HADDOCK structure shows Phe563 on the LIR2 peptide binding into HP1, formed by
Q22, Q26, K51 and L53. Leu566 then binds into the hydrophobic pocket surrounded by the
active residue F52, V54 and V58. Asp559 on LIR2 then sits in close proximity to T50,
potentially forming a hydrogen bond. Interestingly Leu561 also sits in a gap between Q22
and R11 on LC3A away from the surface.
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7.3 Discussion

Using the standard set of 2D and 3D NMR experiments it was possible to assign 101 out the
113 non-proline amino acids in the LC3A WT *H->N HSQC, which corresponds to 90% of all
amino acids. This assignment would be complete enough to carry out the titrations of LC3A
with the NBR1 LIR1 peptides. Most importantly the amino acids that were not assigned
were mostly in the core or rear of LC3A (Figure 7.15).

Figure 7.15: Surface of LC3A WT with amino acids that are un-assigned in the *H->N HSQC
shown in purple.

Hence, as the binding of the LIR peptides was anticipated to happen at the canonical binding
site for the LC3 family, the critical amino acids for this interaction were assigned in the *H-
15N HSQC, and so it would be possible to follow these in the titrations and compare with the
interaction with LC3B.

7.3.1 Titrations of LC3A with the LIRs of NBR1

The *H->N HSQC spectrum of LC3A WT showed a number of peaks moving on titration with
the two LIRs of NBR1 indicating an interaction of the LIRs with the two LIR peptides. As with
the previous titrations carried out between the LIR peptides and LC3B WT (Chapter 5), a
large number of peaks moved for both titrations of LC3A WT (Figure 7.16).
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Figure 7.16: 'H->N HSQC of LC3A WT showing start (blue) and endpoints for titration with NBR1 LIR1 (purple) and LIR2 (red) peptides.
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However, whilst the titrations were similar to those carried out with LC3B, in the wide scale
peak movements in the *H-1°>N HSQC spectrum, the exchange regimes that the majority of
peaks experienced were different. Whilst for the titrations of the NBR1 LIR peptides with
LC3B the majority of peaks underwent slow and intermediate exchange, for the titrations
with LC3A there was far less slow exchange, and in the case of the titration of LIR2 with
LC3B almost all peaks underwent fast exchange. This indicates that the rate of dissociation
(kofs) of the LIR peptides is slower for the interaction with LC3B than it is for that of LC3A,
with the interaction of LC3A with LIR2 having the fastest rate of dissociation.

As a large number of peaks had moved in the HSQC for the titrations of the LIR peptides
with LC3A the CSPs were analysed to focus on those that played the most significant part in
the binding interaction. This analysis picked a set of significant peaks that indicated the main
interaction was on the front face of LC3A at two sites. This seemed to indicate that the
binding would be similar to that of the LIRs with LC3B, with the aromatic and hydrophobic
residue on the LIR interacting with two hydrophobic pockets on the front face. However, for
the titration of LC3A WT with NBR1 LIR1 when these significant amino acids were used in
HADDOCK the top predicted structure did not show the LIR binding in the expected fashion
to LC3A. Instead Tyr733 on LIR1 was interacting with HP2.

For the titration of LC3A WT with the NBR1 LIR2 peptide the top scoring HADDOCK structure
was with the LIR interacting with the front face of LC3A in the expected orientation, with
Phe738 sat in HP1 and Leu566 sat on top of HP2.

7.3.2 Comparison of LC3B and LC3A LIR1

To better understand why HADDOCK produced the structure it did for the interaction of
LC3A with LIR1 the amino acids that had undergone significant shifts were compared with
those of LC3B. At a glance the set of amino acids that had the most significant shifts and
mapped area of interaction on the face of LC3A and LC3B appear to be very similar (Figure
7.17).

Figure 7.17: Significant CSPs mapped onto the protein surface for the titration of LC3A
(left) and LC3B (right) with NBR1 LIR1 peptide. Significant shifts shown in light blue and
most significant shifts shown in dark blue.
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The most noticeable difference between the significant shifts is that L53 is missing for LC3A
and for LC3B H27 is not significant.

To perform a more quantitative analysis of where the differences are between the two
titrations with LIR1 the difference in CSPs for LC3A and LC3B were calculated and plotted

(Figure 7.18)
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Figure 7.18: Plot of difference in CSPs between the titration of NBR1 LIR1 peptide with
LC3A and LC3B. The blue is the mean plus one standard deviation and the dark blue line is
the mean and two standard deviations.

The plot of the differences in CSPs between the two titrations suggest that most amino acids
have a different value for the CSP. However, a lot of these appear to be relatively small. So
to focus in on the main difference the most significant differences were selected (Chapter

2.5.2.6). A table of these significant amino acids is given below (Table 7.2).

Significant
Sequence No. LC3A amino LC3B amino LC3A CSP LC3B CSP
acid acid
21 Gln Arg 0.34 0.59
31 lle lle 0.41 0.14
70 Arg Arg 0.03 0.27
93 Thr Thr 0.72 0.37
99 Tyr Tyr 0.38 0.06
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Most significant

Sequence No. LC3A amino LC3B amino LC3A CSP LC3B CSP
acid acid
58 Val Val 1.25 1.83
59 Asn Asn 1.05 1.55
71 Leu Leu 0.71 0.13
83 Val Val 0.33 0.69
90 Ser Ser 0.01 0.46
92 Ser Ser 0.25 0.92

Table 7.2: Amino acids with significant differences in CSP between the titrations of NBR1
LIR1 peptide with LC3A and LC3B.

In total there are 11 amino acids that showed significant differences in CSP between the
titration of LC3A and LIR1 and LC3B and LIR1. Of these only one is for an amino acid that is
not the same between both LC3s and that is Q21 on LC3A and R21 on LC3B. This is a change
in type of amino acid and so the difference in CSP could potentially be due to the change in
amino acid. These significant differences were then plotted onto the surface of LC3B WT to
visualise the areas in which the CSPs were different (Figure 7.19).

A.
3.5

2.5

CSP / ppm

Q/R21 131 V58 N59 R70 L71 V83 S90 S92 T93 Y99
Amino Acid

LC3A LIR1 LC3B LIR1

167



Figure 7.19: A: Graphical representation of CSPs that are significantly different between
the titration with LC3A and NBR1 LIR1 (blue) and LC3B and NBR1 LIR1 (orange). B: Amino
acids with significant CSP differences between titration of NBR1 LIR1 peptide with LC3A
and LC3B mapped onto the surface of LC3B. NBR1 LIR1 peptide is shown as predicted from
LC3B with LIR1 titration data. Significant shifts are coloured light blue and most significant
shifts dark blue.

From mapping the significant difference onto the face of LC3B it can be seen that the major
changes are seen around HP2, with V58, R70 and L71 having significant difference.
However, apart from L71 the perturbations seen from the titrations of LC3B with LIR1 are
larger than those for LC3A. There are then no major differences around HP1. So from the
CSP data alone there seems to be no reason why HADDOCK would generate the structure it
has. This seems to be confirmed by the HADDOCK runs carried out earlier in the chapter,
where the CSPs for the titration of LC3A with LIR1 were used for a HADDOCK run with LC3B
and LIR1, which generated the expected structure for the interaction.
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It is thus likely that the structure predicted by HADDOCK is not correct and that NBR1 LIR1
binds to LC3A at the canonical binding site. However, there is a difference in the structure of
LC3A that is forcing HADDOCK to not place Tyr733 in HP1.

Revisiting the differences between the sequences LC3A and LC3B at the start of the chapter
(Figure 7.1 and 7.3) we can see that the majority of changes in the sequence between LC3A
and LC3B appear on the first and second a-helix, which pack against the central B-sheet to
form HP1. As the interaction of the aromatic residue with HP1 is the driving force for the
binding of LIRs with the hATG8s, a modification to HP1 could have quite a large effect. This
could then lead to the HADDOCK run generating the structure it has. Further structural
studies (crystal/NMR structure) would be required to understand exactly how LIR1 binds to
LC3A and understand the preference seen in Chapter 4.

7.3.3 Comparison of LC3B and LC3A LIR2

To better understand the selectivity seen in chapter 4, with almost double the amount of
LC3A-LIR2 complex than LC3B-LIR2 complex present, the two NMR titrations of LC3A-LIR2
and LC3B-LIR2 would be compared.

As with NBR1 LIR1, at first glance the sets of active residues for the two titrations with LIR2
appear to be very similar, with the amino acids that show the most significant shifts located
around the two hydrophobic pockets on the front face of LC3A and LC3B (Figure 7.20).

Figure 7.20: Significant CSPs mapped onto the protein surface for the titration of LC3A
(left) and LC3B (right) with NBR1 LIR2 peptide. Significant shifts shown in light blue and
most significant shifts shown in dark blue.

To further compare the interaction of LC3A with LIR2 and LC3B with LIR2 the difference in
CSPs were calculated and plotted (Figure 7.21).
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Figure 7.21: Plot of difference in CSPs between the titration of NBR1 LIR2 peptide with
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the mean and two standard deviations.
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From these calculated differences between the LC3A-LIR2 and LC3B-LIR2 titrations it can be
seen that the majority of amino acids have a CSP that is different between the two
titrations. The peaks that had the most significant differences were then selected (Chapter
2.5.2.6).

Using these significance cut off values there were 11 amino acids that had a CSP that was
significantly different between the two titrations of LIR2 with LC3A and LC3B (Table 7.3).

Significant
Sequence No. LC3A amino LC3B amino LC3A CSP LC3B CSP
acid acid
11 Arg Arg 0.09 0.32
23 lle lle 0.09 0.37
26 Gln Gln 0.64 0.34
48 Asp Asp 0.03 0.32
92 Ser Ser 0.47 0.76
Most significant
Sequence No. LC3A amino LC3B amino LC3A CSP LC3B CSP
acid acid
33 Val Val 0.97 0.2
52 Phe Phe 1.11 1.60
56 Asp Asp 0.17 0.55
59 Asn Asn 0.80 1.39
83 Val Val 0.32 0.80
90 Ser Ser 0.01 0.47

Table 7.3: Amino acids with significant differences in CSP between the titrations of NBR1
LIR2 peptide with LC3A and LC3B.
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All of the significant differences between the LC3A and LC3B titration are for amino acids
that are the same in both sequences. For the majority of the 11 amino acids the CSP is larger
for the titration of LC3B with LIR2 than it is for LC3A and LIR2. The two exceptions to this are
D48 and V33, for which the CSP is larger in the LC3A-LIR2 titration. To visualise where these
amino acids appear on the LC3s the significant values were mapped onto a surface of LC3B,
and the two HADDOCK structures for the positions of the LIR2 peptide were shown to see
how they differ (Figure 7.22).
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Figure 7.22: A: Graphical representation of CSPs that are significantly different between
the titration with LC3A and NBR1 LIR2 (blue) and LC3B and NBR1 LIR2 (orange). B:
Significant differences in CSP between LC3A-LIR2 and LC3B-LIR2 titrations mapped onto
the surface of LC3B. HADDOCK structure of NBR1 LIR2 peptide shown bound to LC3A
(green) and LC3B (pink). Amino acids with significant differences in CSPs are coloured light
blue and most significant differences are coloured dark blue.

From these values on the HADDOCK structure it can be seen that Phe563 on LIR2 has shifted
considerably for the titration with LC3A when compared with LC3B. This is accounted for by
the position of HP1 on LC3A being shifted higher up on LC3A than on LC3B. This then has the
effect of pulling L561 further up the face of LC3A and changing the CSP seen on R11
between LC3A and LC3B.

For HP2 there are no calculated significant differences between the CSPs of the two
titrations, and looking at the HADDOCK structures calculated they are in similar positions,
with Leu566 on the LC3B LIR2 peptide only slightly rotated round from the LC3A peptide.

172



This change in position for the aromatic residue has the knock on effect of moving the
preceding amino acids to a different position on the face of LC3A, which could lead to the
hydrophobic amino acids in LIR2 being in a more favourable environment. This in turn could
explain why LC3A was a more favourable binding partner for LIR2 than LC3B.

7.3.4 Comparison of LIR1 and LIR2 with LC3A

Having compared the two titrations of the NBR1 LIRs against LC3A with the titrations against
LC3B, finally the titration of LIR1 and LIR2 with LC3A would be compared. Looking at the two
endpoints for the titrations in the *H->N HSQC a large number of the peaks move in a
similar way. Then comparing the two sets of active residues we can see that the amino acids
that have significant CSPs are very similar between the two titrations (Figure 7.23).

LIR1 LIR2

Figure 7.23: Significant CSPs mapped onto the protein surface for the titration of NBR1
LIR1 (left) and LIR2 (right) with LC3A WT. Significant shifts shown in light blue and most
significant shifts shown in dark blue.

The main difference appear to be around HP1, where the titration with LIR2 shows
significant shifts at Q26, Q22, K51 and L53, whereas the titration with LIR1 only has
significant shifts with H27 and K51. From the predicted HADDOCK structure for the titration
with LIR2, Phe563 on the LIR sits across the top of the HP1, which potentially explains the
CSPs seen on Q26 and Q22. For LIR1 the structures predicted do not even show Tyr733
sitting in the pocket.

To understand the differences between the two titrations and potentially what is happening

with LIR1-LC3A interaction the two sets of CSPs for the titrations were compared. The
difference between the two CSPs was calculated and plotted (Figure 7.24)
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Figure 7.24: Plot of difference in CSPs between the titration of LC3A WT with NBR1 LIR1
and LIR2 peptide. The blue line is the mean plus one standard deviation and the dark blue
line is the mean and two standard deviations.

From the differences in CSPs between the two titrations it can be seen that the majority
have CSPs that vary between the interaction of LIR1 and LIR2 with LC3A. As previously the
data was further analysed to pick out those differences that are significant (Chapter 2.5.2.6).
With this analysis carried out it was found that there were 18 amino acids that had
significant differences in CSP between the titrations, and of those six selected as being most

significant (Table 7.4).

Significant
LC3A WT amino acid LIR1 CSP LIR2 CSP
26 GIn 0.33 0.64
27 His 0.69 0.37
31 lle 0.41 0.12
34 lle 0.20 0.52
49 Lys 0.15 0.42
52 Phe 1.39 1.11
53 Leu 0.46 0.73
59 Asn 1.05 0.80
67 lle 0.41 0.09
82 Leu 0.25 0.53
99 Tyr 0.38 0.11
112 val 0.39 0.65
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Most Significant

LC3A WT amino acid LIR1 CSP LIR2 CSP
22 GIn 0.22 0.62
24 Arg 0.73 1.18
33 val 0.39 0.97
50 Thr 1.32 0.94
71 Leu 0.71 0.16
93 Thr 0.72 0.20

Table 7.4: Amino acids with significant differences in CSP between the titrations of LC3A
WT with NBR1 LIR1 and LIR2.

The amino acids with these significant differences in CSP were then mapped onto the
surface of LC3A (Figure 7.25). The HADDOCK structure for the position of LIR2 when
interacting with LC3A is also shown for reference.
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Figure 7.25: A: Graphical representation of CSPs that are significantly different between
the titration with LC3A and NBR1 LIR1 (blue) and NBR1 LIR2 (orange). B: Surface of LC3A
WT with significant differences in CSP between the NMR titrations of LIR1 and LIR2 with
LC3A. Significant shifts are coloured light blue and most significant shifts dark blue. NRB1
LIR2 HADDOCK structure for titration is shown in green.

This analysis reinforces the initial observation that the biggest differences in CSP between
the two titration are located around HP1. The CSPs for LIR2 on Q22, R24 and Q26 are all
larger than those observed with LIR1, which reinforces the idea that Phe563 sits further to
one side of the hydrophobic pocket. LIR1 shows larger CSP for H27, T50 and F52 suggesting
the LIR sits close to the centre of LC3A, and that Tyr733 on the LIR sits on the right hand side
of the pocket. It is also of interest that Leu561 sits in a gap between Q22 and R11, thus
avoiding some of the unfavourable interactions seen with the LC3B interaction with LIR2.
There is also an increased CSP for LIR2 on K49, with Glu564 potentially undergoing an
electrostatic interaction.
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As well as the large number of differences around HP2, 167 and L71 show a significant
difference on CSP with larger perturbations for the titration of LIR1. 167 sits inside HP2 and is
next to L71 in the 3D structure of LC3A. This implies that 1le736 on LIR is fitting deeper into
the hydrophobic pocket than Leu566 on LIR2.

All of these observations again help reinforce that the HADDOCK structure for LC3A WT
binding with NBR1 LIR1 is not correct and that the LIR is binding at the canonical binding
site. It also suggests that LIR1 is sitting closer to the centre of LC3A WT and 1le736 sits
relatively far into HP2 when compared with Leu566 on LIR2. It is then possible that the
interactions of the Ser728, Glu730 and Asp731 with the face of LC3A (like seen on LC3B),
pull the LIR1 closer to the central position, thus making the interaction of Tyr732 in the HP1
less favourable and hence the problems with the HADDOCK structure. However, for LIR2
with fewer interactions with the face of LC3A the LIR is then able to fit better into HP1,
which also allows Leu561 to sit in a more favourable position on LC3A than it would on LC3B
and for Glu564 to form a favourable interaction with K49. However, to confirm this would
require further structural studies.

7.4 Summary

e The H-N HSQC of LC3A WT was almost completely assigned with 90% of non-
proline residues assigned.

e NMR titrations of LC3A with NBR1 LIR1 and LIR2 show perturbations over the whole
of the 1H-1°>N HSQC. However, whereas LIR1 shows a mixture of slow, intermediate
and fast exchange the peaks for LIR2 are predominately undergoing fast exchange.

e Analysis of the LC3A WT and NBR1 LIR1 titration data give CSPs that suggest that
LIR1 binds to LC3A at the standard LC3 binding site. However, the HADDOCK
structure shows the LIR binding with the Tyr733 in hydrophobic pocket.

e Analysis of the LC3A WT and NBR1 LIR2 titration data give CSPs that suggest that
LIR2 binds to LC3A at the standard LC3 binding site. The HADDOCK structure then
confirms this with Phe563 binding in HP1 and Leu566 in HP2.

e Comparison of the titration of LC3A and LC3B titrations with LIR1 show there are
very few significant differences in CSPs for amino acids at the two hydrophobic
pockets suggesting that LIR1 does bind in the standard way. However, changes in the
sequence of LC3A around the hydrophobic pocket may be influencing how the LIR
fits and introducing selectivity over which LIRs bind to LC3A.

e Comparison of the titration of LC3A and LC3B show again that the CSPs are roughly
similar but that there are larger perturbations on the far side of HP1 for the titration
with LC3A suggesting Phe563 on the LIR sits more over the face of the hydrophobic
pocket than when binding to LC3B.

e Comparison of the data for the two LIRs when binding with LC3A show that the
majority of differences in CSP are around HP1. LIR2 has larger perturbations on the
far side of the pocket whereas LIR1 has larger perturbations on the right hand side of
the pocket. This suggest LIR1 sits tighter against the core of LC3A whereas LIR2 sits
more to the left. These changes in position of LIR are driven by interactions of other
amino acids that precede and come just after the aromatic residue interacting with
the face of LC3A.
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Chapter 8

8. Conclusion

The work presented within this thesis has furthered the understanding of the interaction
the LIRs of NBR1 with the hATG8 family of proteins. Using mass spectrometry and NMR the
binding of the LIRs of NBR1 with LC3B have been investigated and how the change in
sequence in LIR alters the interaction. Selectivity within the family of hATG8 of proteins was
then investigated using MS and the binding of the NBR1 LIRs with LC3A characterised using
NMR.

8.1 Investigating the Changes in Binding Interaction between the Two LIRs of
NBR1

Two mutants of LC3B WT were produced to study the interaction of the NBR1 LIRs with
LC3B. LC3B KL was a binding site mutant altering HP1 and changing the charge on the face of
LC3B, and T29D was then a phosphomimetic mutant. MS experiments showed that the LIRs
of NBR1 bound to LC3B WT and its mutants. MS competition experiments were used to
discover if there was a preferred binding partner for the two LIRs of NBR1 with LC3B WT and
its mutants. This data showed that whilst for LIR1 the preferred binding partner was the

wild type LC3B, that for LIR2 the preferred binding partner was unexpectedly the K51A/L53A
(KL) mutant (Table 8.1). The data for T29D showed a slight preference for WT over T29D for
LIR1. However, there was a preference of LC3B WT over T29D for LIR2

LC3B protein

LIR1 bound to unbound
ratio

LIR2 bound to unbound
ratio

WT 0.99 0.84
KL 0.04 1.51
T29D 0.89 0.41

Table 8.1: Ratios of bound to unbound protein in MS competition experiments for LC3B
WT, KL and T29D at a 1:1:1:1 ratio with the relevant LIR.

The binding preference from the MS experiments warranted further structural studies using
NMR. The binding interactions of the LIRs with LC3B WT and its mutants were characterised
using chemical shift mapping and the structures for the LIRs binding with LC3B and the
mutants were calculated using HADDOCK webserver.

The chemical shift mapping indicated that the LIRs of NBR1 had very similar binding patches
to each other and to the LIR of p62. The HADDOCK structures then confirmed that the LIRs
bound to LC3B WT, KL and T29D at the canonical binding site, but with variations in position
of the LIR (Figure 8.1).
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Figure 8.1: HADDOCK structures for NBR1 LIR1 (A) and LIR2 (B) when bound to LC3B WT
(green), LC3B KL (blue) and LC3B T29D (pink).

The interactions of the two LIRs of NBR1 with LC3B WT showed that whilst the position of
the LIRs were very similar, with Tyr732 on LIR1 and Phe563 on LIR2, sitting in a very similar
position in HP1, and lle735 (LIR1) and Leu566 (LIR2) in HP2. The amino acids preceding the
aromatic showed differences in how they interacted with the face of LC3B. NBR1 LIR1 has a
number of acidic residues that precede Tyr732 that interact with the face of LC3B WT, with
Glu730 and Asp731 interacting with R11 and K59 on LC3B WT respectively. There is also
then an interaction between Ser728 on LIR1 and T50 on LC3B WT. However, LIR2 lacking
acidic residues directly before Phe563 cannot form these interactions with R11 and K49 on
LC3B. However, Asp559 which is 4 positions from the aromatic appears to be forming an
interaction with K49. Previous work has noted that acidic residues up to three places away
from the aromatic can help stabilize the interaction of the LIR with hATG8s. However, this
result suggests that amino acids further away can also help stabilise the binding of LIR to
hATGS. This interaction does not help to offset Leu561 on LIR2, a hydrophobic residue, then
sitting near R11, and K51 on LC3B causing an unfavourable interaction, and hence why
binding affinities calculated previously indicate that LIR1 is a stronger binder than LIR2. It
would be interesting to produce crystal structures of the two LIRs binding to LC3B WT to
confirm the structures produced by HADDOCK.

The interaction of LIR1 with the KL mutant shows that the differences in the position of the
LIR all occur with Tyr732 and the amino acids preceding (Figure 8.2). The mutation of K51 to
alanine has the knock on effect of altering the environment of R11. This has the effect of
pulling Glu730 further across the face of LC3B KL, and hence moving Asp731 away from K49
lessening the interaction. This then combined with Tyr732 siting less centrally in HP1 can
explain why the KL mutant is a less favourable binding partner for NBR1 LIR1 than LC3B WT.
For LIR2 this preference is reversed, with the KL mutant being the more favoured binding
partner. With K51 mutated to alanine and the environment of R11 changing this leads to the
charge distribution on the face of LC3B changing. This then makes the position of Leu561
less unfavourable than with the wild type LC3B and leads to the KL mutant being a more
favoured binding partner. This again points to small changes in sequence leading to changes
in binding preference.
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Figure 8.2: Comparison of position of LIR2 when binding to LC3B WT (green) and LC3B KL
(blue).

The interactions for the phosphomimetic mutant T29D with LIR1 indicate that the main
difference in binding patch when compared to LC3B WT are located around HP1. This leads
to Tyr732 sitting closer to K51 on LC3B T29D. This in turn moves the position of the N-
terminal amino acids. However, this does not alter the position such that it would eliminate
any of the interactions of the N-terminal amino acids with the face of LC3B that are seen
with the wild type. With the two structures only varying slightly, and the MS data showing a
slight preference for binding with LC3B WT, it is not clear if the phosphorylation at T29 will
have any biological significance with the interaction of NBR1 LIR1.

However, the structure for the binding of NBR1 LIR2 binding to T29D shows a very different
picture, with the position of LIR2 when interacting with T29D being very different to that of
wild type LC3B. Phe563 on LIR2 when binding to LC3B T29D does not sit in the pocket and
instead lies across the face (Figure 8.3).
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Figure 8.3: Comparison of position of LIR2 when bindin;; to LC3B WT (green) and LC3B
T29D (blue).

This in turn moves the whole LIR across the face of LC3B T29D. Combined with the MS
competition experiments suggesting that LC3B T29 is a less preferred binding partner than
wild type LC3B, suggests that phosphorylation at T29 on LC3B would lead to the inhibition of
NBR1 LIR2 with LC3B.

Where LIR1 interacts more strongly with LC3B WT than LIR2 either altering the binding site
or phosphorylation of LC3B alters the binding affinity. This points to NBR1 LIR2 interacting

with different binding partners than LIR1 and being more susceptible to post translational

modifications.

8.2 Binding Preferences of the hATGS8 Proteins

MS experiments confirmed that NBR1 LIR1 and LIR2 bound to all six of the hATG8s. MS
competition experiments were carried out to investigate if any of the hATG8 family
members bound preferentially to the LIRs of NBR1. The results showed that for both NBR1
LIR1 and LIR2 that LC3A was the preferred binding partner of the LC3 subfamily, and for the
GABARAPS it was GABARAPL1 (Table 8.2)
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hATGS protein LIR1 bound to unbound LIR2 bound to unbound
ratio ratio

LC3A 0.28 0.31

LC3B 0.17 0.18

LC3C 0.05 0.00

GABARAP 0.22 0.32

GABARAPL1 0.46 0.53

GABARAPL2 0.17 0.09

Table 8.2: Ratios of bound to unbound protein for MS competition experiments for LC3
and GABARAP subfamilies. Proteins were in a 1:1:1:1 ratio with the relevant LIR.

The ranking of the rest of the LC3 subfamily showed the next preference was for LC3B, with
LC3C last. LC3C whilst shown to bind to the two LIRs of NBR1, when in competition with
LC3A and LC3B formed very little or undetectable amounts of complex. Whilst LC3A and
LC3B have very similar sequences the sequence of LC3C has a number of differences located
around the second hydrophobic pocket. This has been shown to lead to LC3C binding to
specific types of LIRs [80], and hence when in competition with LC3A and LC3B which bind to
the regular LIR motif, that the NBR1 LIRs contain, it is the least preferred binding partner.
Due to the similarity in sequences between LC3A and LC3B, and with the clear preference
for binding to LC3A, this warranted further structural analysis with NMR.

For the GABARAP subfamily GABARAPL1 was the preferred binder for both LIRs, with
GABARAP next and GABARAPL2 the least preferred binding partner. Like in the LC3 sub
family GABARAP and GABARAPL1 have a high sequence alighnment with GABARAPL2 less so.
As with LC3C, GABARAPL2 has a large number of the changes of sequence around HP2 and
whilst no preferred binding partner has been discovered like for LC3C, it is likely there is
one, and hence why the standard LIR motif of the NBR1 LIRs binds less preferentially to
GABARAPL2.

ITC experiments have been carried out that show LC3B and GABARAPL1 have very similar Kq
values [113]. This would then imply that LC3A should be the preferred binding partner of
the NBR1 LIRs. However, the work carried out defining the GABARAP interaction motif (GIM)
identified NBR1 LIR1 as a GABARAP interacting LIR [107]. These results only used LC3B and
GABARAP in their interaction profile, and so it might still be that LC3A has a stronger
preference for the NBR1 LIRs. To get a better idea of selectivity in the hATG8 family,
competition experiments comparing the LC3s and GABARAPs could be carried out, with the
competition experiment containing LC3A and GABARAPL1 being particularly interesting, as
these were the preferred binders for both LIRs of NBR1 for the LC3 and GABARAP sub
family’s. However, to do this the LIR peptide used would have to be redesigned to take into
account that the GABARAPS have hydrophobic interactions with the C-terminal amino acids
in the LIR, and the LIR used is too short to include these residues. To get a clearer idea of
binding preferences between the NBR1 LIRs and the hATGS8 proteins it would be useful to
carry out ITC experiments to derive thermodynamic properties and Kq of the interactions.
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8.3 Characterization of the Interaction of NBR1 LIRs with LC3A

LC3A has an 82.5% sequence alignment with LC3B with the majority of the differences in
sequence occurring at the N-terminal. However, the MS Competition experiments carried
out showed that both LIRs of NBR1 bound preferentially to it over the other members of the
LC3 subfamily.

NMR titration experiments were used to map the binding site using chemical shift
perturbations. These experiments defined a bind patch for both LIRs than indicated a similar
binding site to that of LC3B (Figure 8.4).

Figure 8.4: Significant CSPs mapped onto the protein surface for the titration of LC3A (left)
and LC3B (right) with NBR1 LIR1 (A) and LIR2 (B). Significant shifts shown in light blue and
most significant shifts shown in dark blue.

However, when the HADDOCK structure from the CSPs were generated for NBR1 LIR1 the
position of the LIR was not as expected. The structure generated showed Tyr732 of LIR1
binding into HP2 with Ile735 sitting across the face of LC3A (Figure 8.5).
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Figure 8.5: HADDOCK structure of NBR1 LIR1 peptide bound to LC3A. The peptide is
coloured green with the active residues Tyr733 and lle736 coloured yellow. The surface of
LC3A is coloured to indicate the significant shifts seen in the bound form. Residues light
blue had CSPs greater than the mean and one standard deviation and those coloured blue
had CSPs greater than the mean and two standard deviations. Residues coloured grey had
no significant perturbation.

When analysed, the differences in CSPs between the interaction of NBR1 LIR1 with LC3A and
LC3B showed the significant changes to be around HP2. This suggests that the aromatic on
LIR1 is interacting with HP1 on LC3A, despite the HADDOCK structure indicating otherwise.
This was confirmed further when HADDOCK generated the structure of LIR1 binding to the
canonical binding site on LC3B when using the LC3A CSPs.

For NBR1 LIR2 the HADDOCK structure generated showed LIR binding in the standard
orientation with Phe563 in HP1 and Leu566 in HP2 (Figure 8.6).
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Figure 8.6: HADDOCK structure of NBR1 LIR2 peptide bound to LC3A. The peptide is
coloured green with the active residues Phe563 and Leu566 coloured yellow. The surface
of LC3A is coloured to indicate the significant shifts seen in the bound form. Residues light
blue had CSPs greater than the mean and one standard deviation and those coloured blue
had CSPs greater than the mean and two standard deviations. Residues coloured grey had
no significant perturbation.

Due to the changes in HP1 on LC3A when compared to LC3B, this allows Glu564 to sit close
to K49 where an electrostatic interaction could help stabilise the binding. However, the
amino acids that precede Phe563 sit away from the face of LC3A, and do not appear to form
any further interactions with LC3A. This then enables Leu561 to point away from the face of
LC3A, preventing the unfavourable interaction of a hydrophobic residue with the charged
residues R11 and K51 on the face of LC3A.

The differences between LC3A and LC3B are mainly located on the N-terminal alpha helices
that pack against the central beta sheet to form HP1. These changes are enough that the
HADDOCK software now no longer generates a structure for the binding of LIR1 with LC3A.
However, this is not the same for LIR2 which binds to the canonical binding site. It seems
unlikely that the small change in aromatic from tyrosine on LIR1 to phenylalanine would
produce such a change. Therefore it points to the acidic amino acids preceding the aromatic
to be playing a part in the interaction. For the interaction of LIR1 with LC3B Ser728, GIu730
and Asp731 appear to interact with residues on the face of LC3B, and help stabilise the
binding of the LIR. However, for LC3A these may have a negative effect with the LIR sitting
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centrally and not allowing Tyr732 to bind effectively in HP1. For LIR2 on the other hand,
which has fewer interactions with the face of LC3A/B, can sit with Phe563 orientated more
favourably in HP1. Unfortunately without a structure to work with it is difficult to postulate
why the interaction of LIR1 with LC3A has produced the HADDOCK structure it has, as the
area of LC3A where those amino acids sit is the same as LC3B. To better understand what is
happening future work would look at producing a structure of NBR1 LIR1 binding to LC3A,
either through NMR or a crystal structure.

The data presented shows that despite the binding patches being similar, that the LIRs
interact in different ways with LC3B and LC3A. With the growing evidence that the selective
autophagy receptors are linked to specific hATG8 family members [52, 56, 142], and hATG8
members having specific functions [56], then the specificity of an LIR is key to a particular
pathway. The data collected shows that small changes in sequence in the LIR, whilst
maintaining the canonical motif are enough to make the LIRs more specific to certain
hATGS8s. Whilst the difference in binding affinities is relatively small between a particular
LIRs [113], the avidity effect of having large complexes containing multiple SARs binding to a
number of hATG8s on the phagophore can amplify this small difference.

It would be interesting to investigate the structure of the LIRs binding to LC3C and
GABARAPS so as to get the complete picture of the interactions of an LIR with hATG8 family.
However, this is a considerable amount of work and was not possible within the time frame
of this work.

8.4 Future Work

Whilst the work carried out in this project has been able to study in-depth the binding of the
NBR1 LIRs to the hATGS proteins, there are some extra experiments that could be carried
out to further understand the interaction. The work so far has used predominantly NMR and
MS, and so it would be useful to carry out some extra biophysical and biochemical
techniques to further characterize the interaction.

To start with isothermal calorimetry experiments (ITC) could be employed to calculate the
Kqvalue for the interaction of the two LIRs of NBR1 with the hATGS8s. This would then
determine the order of binding preference for the hATGS8 proteins with the NBR1 LIRs which
would then compliment the MS data acquired in this project. To then probe the observed
binding preferences for the NBR1 LIRs for LC3A (LC3 subfamily) and GABARAPL1 (GABARAP
subfamily) in vitro, cell work could be used. Using flag-tagged hATGS8s, and V5-tagged NBR1,
and mutants with the LIRs knocked out using CRISPR gene editing (allowing NBR1 to be at
physiological concentrations), it would be possible to determine which hATGS8s the LIRs
preferentially bound to. To complement the Cell work a series of pulldowns could then be
employed to further probe binding preference.

NMR could then be further employed to determine the 3D structures of LC3B and LC3A with
LIR1 and LIR2 of NBR1. With these structures it would then be possible to firstly confirm the
orientation of the LIRs on LC3A/B. They would then be able to shed further light on the fine
details of the binding interaction which would complement the NMR titrations carried out
and HADDOCK structures generated in this work.
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To further study how changes in the LIR sequence effect the binding a series of different
peptides could be used with individual amino acids changed to see how this effects the
interaction with the hATGS8 proteins. Then using the NMR titration experiments and
HADDOCK structures it would be possible to visualise the details of these changes. Potential
changes would be alter the aromatic and preceding amino acids to mimic the other LIR to
see if the interaction could become more like that of the LIR mimicked. This could then be
complimented with peptide screens against all six hATG8s using biotinylated peptides then
incubated with his-tagged hATGS proteins.

The effect phosphorylation of T29 on LC3B has on the binding with the LIRS could be further
explored using both the cell and pulldown experiments. The T29D mutant and T29A could
be used as a constitutive and null respectively. By then using WT and LIR knock out versions
of NBR1 the difference seen in the NMR experiments could be investigated.

8.5 Conclusion

In conclusion this thesis has shown that whilst the binding of NBR1 LIR1 to LC3B is stabilised
by the amino acids preceding Tyr732 it shows very little variation in interaction when LC3B
undergoes modification like phosphorylation. However, for NBR1 LIR2 whilst not interacting
as strongly as LIR1 with LC3B, modifications around the binding site and phosphorylation
lead to changes in binding affinity. This leads to the idea that within selective autophagy
LIR1 is used primarily and LIR2 is then regulated by post translational modifications of the
hATGS8 family of proteins.

For the hATGS8 family of proteins LC3A was shown to be the preferred binding partner.
Structural studies of the interaction however, were less clear cut and whilst the CSP data
suggests LIRs binds to the canonical binding site on LC3A. Modelling the structure LIR
binding to LC3A revealed the LIR1 binding to HP2 with Tyr732 Whereas LIR2 bound to the
canonical binding site. As the changes in sequence between LC3A and LC3B are around HP1
this points to this structure being generated by the interaction of the aromatic acid and
preceding amino acids with LC3A. This is yet again another sign that the amino acids at the
N-terminal of LIRs play a significant part in the binding of LIRs to the hATG8 family of
proteins.
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Appendix
A. Appendix A

A.1. LC3B WT (original construct)

10 3 8 7 6 5 4 3 2 1 o ppm

'H NMR Spectrum of LC3B WT (0.3mM, pH7.0), recorded at 298K on Bruker Avance(lll)
800MHz
A.2. LC3B KL
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'H NMR Spectrum of LC3B KL (0.3mM, pH7.0), recorded at 298K on Bruker Avance(lll)
800MHz
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A.3.1LC3B T29D

'H NMR Spectrum of LC3B T29D (0.3mM, pH7.0), recorded at 298K on Bruker Avance(lll)
800MHz

A.5.LC3A
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'H NMR Spectrum of LC3A WT (0.25mM, pH7.0), recorded at 298K on Bruker Avance(lll)
800MHz
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A.5. LC3B WT (new construct)
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10 -] [ a -] 0 [ppm]

'H NMR Spectrum of LC3B WT from new construct (0.3mM, pH7.0), recorded at 298K on
Bruker Avance(lll) 800MHz

A.6.LC3C
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'H NMR Spectrum of LC3C WT (0.3mM, pH7.0), recorded at 298K on Bruker Avance(lll)
800MHz
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A.7. GABARAP
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'H NMR Spectrum of GABARAP WT (0.3mM, pH7.0), recorded at 298K on Bruker Avance(lll)
800MHz
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B. Appendix B

B.1 LC3B WT (original construct)
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B.3 LC3BT29D
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B.5 LC3B (new construct)
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B.7 GABARAP
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B.9 GABARAPL2

1727.604
100.00%

600+
550+
500+

1974.460

4001 62.59%

3504

3004

Intensity

2004

1504

1004

504
N ml A mh l L

-504

T T T T T T T T T T T T T T T T T T T
1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450

m/z (Da)
ESI-TOF MS spectrum of GABARAPL2 (5 uM)

206



C. Appendix C

C.1LC3B KL
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Peak Species Charge state Predicted
1671.16 LC3B KL +9 1671.14
1821.52 LC3B KL + LIR1 +9 1821.08
1880.54 LC3B KL +7 1879.90
2048.91 LC3B KL + LIR1 +7 2048.59
2148.92 LC3B KL +6 2148.32
1671.56 LC3B KL +9 1671.14
1812.01 LC3B KL + LIR2 +9 1811.52
1880.04 LC3B KL +8 1879.90
2038.07 LC3B KL + LIR2 +8 2037.83
2148.77 LC3B KL +7 2148.32

MS spectra for LC3B KL binding with LIRs of NBR1 and table of charge states observed.
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C.2 LC3B WT (new construct)
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Peak Species Charge state Predicted
1799.29 LC3B + LIR1 +9 1798.97
1855.14 LC3B +8 1855.03
2024.30 LC3B + LIR1 +8 2023.71
2120.38 LC3B +7 2119.89
2312.71 LC3B + LIR1 +7 2312.67
2473.51 LC3B +6 2473.03
1649.38 LC3B +9 1649.02
1789.15 LC3B + LIR2 +9 1789.40
1855.04 LC3B +8 1855.03
2013.01 LC3B + LIR2 +8 2012.95
2120.01 LC3B +7 2119.89
2300.41 LC3B + LIR2 +7 2300.37

MS spectra for LC3B WT binding with LIRs of NBR1 and table of charge states observed.

210



C.3LC3C
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Peak Species Charge state Predicted
1545.79 LC3C +11 1546.06
1668.71 LC3C + LIR1 +11 1668.75
1700.45 LC3C +10 1700.57
1835.09 LC3C + LIR1 +10 1835.52
1889.23 LC3C +9 1889.41
2039.21 LC3C + LIR1 +9 2039.36
2125.12 LC3C +8 2125.46
2294.34 LC3C + LIR1 +8 2294.15
2428.79 LC3C +7 2428.96
1546.09 LC3C +11 1546.06
1661.14 LC3C + LIR2 +11 1660.92
1700.66 LC3C +10 1700.57
1826.82 LC3C + LIR2 +10 1826.91
1889.15 LC3C +9 1889.41
2029.62 LC3C + LIR2 +9 2029.79
2125.43 LC3C +8 2125.46
2283.01 LC3C + LIR2 +8 2283.39
2428.99 LC3C +7 2428.96

MS spectra for LC3C WT binding with LIRs of NBR1 and table of charge states observed.
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C.4 GABARAP
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Peak Species Charge state Predicted
1758.78 GABARAP +8 1758.78
1927.46 GABARAP + LIR1 +8 1927.46
2009.75 GABARAP +7 2009.86
2203.02 GABARAP + LIR1 +7 2202.67
2344.55 GABARAP +6 2344.70
2570.10 GABARAP + LIR1 +6 2569.62
1759.15 GABARAP +8 1758.78
1917.16 GABARAP + LIR2 +8 1916.70
2009.96 GABARAP +7 2009.86
2190.82 GABARAP + LIR2 +7 2190.37
2344.55 GABARAP +6 2344.70
2555.62 GABARAP + LIR2 +6 2555.27

MS spectra for GABARAP WT binding with LIRs of NBR1 and table of charge states observed.
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C.5 GABARAPL1
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Peak Species Charge state Predicted
1774.76 GABARAPL1 +8 1774.53
1943.55 GABARAPL1 + LIR1 +8 1943.21
2028.14 GABARAPL1 +7 2027.89
2020.75 GABARAPL1 + LIR1 +7 2020.67
2366.29 GABARAPL1 +6 2365.70
1718.06 GABARAPL1 + LIR2 +9 1717.84
1774.82 GABARAPL1 +8 1774.53
1932.54 GABARAPL1 + LIR2 +8 1932.45
2028.10 GABARAPL1 +7 2027.89
2208.79 GABARAPL1 + LIR2 +7 2208.37
2366.09 GABARAPL1 +6 2365.70

MS spectra for GABARAPL1 WT binding with LIRs of NBR1 and table of charge states
observed
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C.6 GABARAPL2
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Peak Species Charge state Predicted
1727.41 GABARAPL2 +8 1727.38
1896.56 GABARAPL2 + LIR1 +8 1896.06
1974.19 GABARAPL2 +7 1974.00
2166.90 GABARAPL2 + LIR1 +7 2166.79
2302.79 GABARAPL2 +6 2302.83
1727.42 GABARAPL2 +8 1727.38
1885.72 GABARAPL2 + LIR1 +8 1885.30
1974.19 GABARAPL2 +7 1974.00
2154.65 GABARAPL2 + LIR1 +7 2154.49
2303.04 GABARAPL2 +6 2302.83

MS spectra for GABARAPL2 WT binding with LIRs of NBR1 and table of charge states
observed.
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