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Abstract

Autophagy is a cellular degradation pathway which removes cytoplasmic material

including protein aggregates, damaged organelles and pathogens. The interaction of

the autophagy adaptor p62 with lipid-anchored hAtg8 receptor proteins is a key step

in this process whereby cargo bound to p62 is sequestered to the autophagosomal

membrane. Here it is engulfed for transport to the lysosome where it is enzymatically

degraded. Recruitment of p62 filaments to the autophagosome membrane also plays

an important role in autophagosome expansion. The p62-hAtg8 interaction is medi-

ated by the Atg8-interacting motif (AIM) which is a short sequence present in many

autophagy adapter/receptor proteins.

For the biophysical characterisation required in this work, seven hAtg8 proteins

were produced and characterised; the six hAtg8 proteins and one phosphomimetic

mutant. In vitro biophysical characterisation has shown a fivefold range of binding

affinities for a WT p62 AIM peptide in its binding to the six hAtg8 proteins, with

GABARAPL1 bound with the highest affinity. The binding of GABARAPL2 with

the WT p62 AIM peptide has been structurally characterised by NMR chemical shift

mapping as an investigation into the entropically driven nature of this interaction,

which is unique amongst the hAtg8 proteins. This identified a novel binding patch for

the peptide on the GABARAPL2 surface, particulaly in relation to Leu341 of p62.

Regulation of this interaction by phosphorylation has been investigated. Phos-

phorylation of p62 by TBK1 has been shown to increase the binding affinity of the

protein for LC3B. A previously known phosphorylation site on p62 has then been

characterised which showed that a pS342 p62 AIM peptide binds to all six hAtg8

proteins with higher affinity than the WT peptide. NMR-based strutural characteri-

sation of the pS342 p62 AIM-LC3B interaction indicated that this interaction occurs

in a related but slightly altered manner to the WT p62 AIM-LC3B interaction. The

phosphomimetic T50E LC3B mutant has been shown to bind with a weaker affinity

to the WT p62 AIM peptide than WT LC3B.

Dysregulation of autophagy has become a key area of research in a number of neu-
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rodegenerative disorders including amyotrophic lateral sclerosis and frontotemporal

lobar degeneration (ALS-FTLD). Previous work has shown that an ALS-associated

L341V mutation of the p62 AIM is defective in recognition of LC3B [1]. This work

expands upon this observation and looks at the interaction of L341V p62 with all

hAtg8 proteins which produces a more complex picture where different hAtg8 pro-

teins are affected differently by the mutation. However, the average binding affinity

and selectivity of the hAtg8 proteins with the p62 AIM is decreased by the mutation

which can be clearly associated with ALS-related neurodegeneration.
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Chapter 1

An Introduction To Autophagy

1.1 Autophagy

Autophagy (auto=self; phagy=eating) refers to a range of evolutionarily conserved

degradation pathways which occur throughout the cytoplasm of most mammalian cells

which work to maintain homeostasis. It operates on intracellular material including

proteins, organelles and pathogens; both as quality control and in response to cellular

emergencies. Autophagy can be considered to work in tandem with proteasomal

degradation to maintain proteostasis [4]. It is upregulated as a response to a number

of stressors including starvation, hypoxia and osmotic or oxidative stress [5, 6, 7, 8].

Autophagy is unique due to its ability to degrade physically large and chemically

diverse substrates [9]. This can be particularly important for large protein aggregates

which the proteasome cannot degrade. These degraded products can then be recycled

as metabolites to maintain vital cellular processes, which is particularly useful in the

case of starvation-induced autophagy.

More recent work has also led to an expanded view of autophagy in which it se-

lectively degrades certain types of cargo and also plays a role in various secretory

pathways [4, 10, 11, 12, 13]. The possibility of selective autophagy shows the two

sides of the process. On the one hand autophagy can be induced under stress con-

ditions to globally degrade bulk cytosolic components but on the other hand it is

continually working to a lesser extent on specific targets which must be removed as

they occur to prevent cellular damage. Selective autophagy of these specific targets

can be classified according to the type of cargo being degraded. These classifica-

tions include aggrephagy (protein aggregates), macrolipidophagy (lipids), mitophagy

(mitochondria) and xenophagy (pathogens).
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The three distinct types of autophagy are macroautophagy, microautophagy and

chaperone-mediated autophagy (CMA). All three pathways result in cargo being de-

livered to the lysosome for degradation but in different ways. CMA occurs via a

specific pathway whereby target proteins are bound to the heat-shock cognate 70

stress protein via a KFERQ motif, estimated to be present in roughly 30% of pro-

teins [14, 15]. This chaperone then directs the protein to the lysosome where it is

unfolded and translocated across the membrane. Microautophagy is the direct en-

gulfment of cellular components by the lysosome. Macroautophagy (herein referred

to as autophagy) however utilises a specific double membrane compartment known

as the autophagosome to recruit and then transport material to the lysosome, and is

the focus here.

Figure 1.1: Cartoon model showing an overview of autophagy showing the expansion,
fusion and maturation of the autophagosome.

The process of autophagy, summarised in Figure 1.1, is initiated by two protein

complexes: the unc51-like autophagy activating kinase 1 (ULK1) and the class III

phosphatidylinositol 3-kinase (PI3K CIII). ULK1 is regulated by mammalian target

of rapamycin complex 1 (mTORC1) inhibition and AMP-activated protein kinase

activation. When ULK1 is phosphorylated PI3K CIII moves from the cytoskeleton

to the preautophagosomal structure. This nucleates vesicles, which leads to the ini-

tial formation of the cup-shaped phagophore [16]. The double-membrane is then

expanded by the acquisition of membrane from other organelles. The endoplasmic

reticulum is often cited as the source of this membrane as it is frequently observed

close to autophagosomes [17]. This process is not fully understood though and the

membrane likely also comes from other organelles such as the mitochondria or from
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the plasma membrane [18, 19, 20]. Throughout the membrane elongation, material

for degradation is either sequestered to the membrane specifically or simply enclosed

by the membrane.

The membrane is then sealed to form a mature autophagosome in a process best

described as membrane scission [21]. This sealed membrane is then transported using

the dynein machinery on microtubules to the lysosome where it fuses to form an au-

tolysosome. The autophagosome will often fuse with a late endosome first before later

fusing with a lysosome. This fusion process has also not been fully characterised but

a number of protein complexes are known to be involved; namely Rab small GTPases,

soluble N-ethylmaleimide-sensitive factor attachment protein receptors and homotypic

fusion and protein sorting (HOPS) complexes [22, 23, 24]. In the autolysosome, the

cargo is then degraded by several lysosomal hydrolytic enzymes including proteases,

lipases and nucleases. This is facilitated by vacuolar ATPase which pumps protons

into the autolysosome to drop the pH to ∼5, the optimal pH for these enzymes.

The expansion of autophagosomes has not been well characterised and due to the

different types of autophagy it is possible that it may form by different mechanisms.

Depending upon the context, the autophagosome can be thought of as either form-

ing around the cargo or as forming independently with cargo being directed to the

expanding membrane. This may be thought of as part of the difference between bulk

and selective autophagy. In the context of starvation it may simply be that the au-

tophagosome forms and whatever happens to be trapped inside is degraded. Whereas,

autophagy receptors may bind to selective cargo and recruit the membrane there and

elongate the autophagosome around the cargo, particularly in the case of large cargo.

1.2 Atg8 and its Human Homologues

Autophagy has been principally investigated in yeast and that work has been

subsequently expanded into mamallian studies; in particular the study of human au-

tophagy. In yeast, at least 35 different autophagy-related (Atg) genes have been

discovered, predominantly through genetic studies [25]. Atg protein 8 (Atg8) in par-

ticular has been shown to play an important role in the maturation and transport

of autophagosomes and the recruitment of cargo therein [26]. There are six human

Atg8 (hAtg8) homologues (as well as several pseudogenes) which can be split into

two subfamilies; the LC3 subfamily which includes LC3A, LC3B and LC3C and the

GABARAP subfamily which includes GABARAP, GABARAPL1 and GABARAPL2

(also known as GATE-16) [27, 28]. All mentions of specific Atg8 homologues hereafter
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Figure 1.2: Cartoon schematic showing the lipidation reaction of hAtg8 proteins. A:
enzymatic reaction scheme showing the lipidation reaction. This shows the removal
of a C-terminal section of hAtg8 by Atg4 followed by the activation of hAtg8 by
Atg7. The hAtg8 is then transferred to Atg3 before the final lipidation of hAtg8 by
the Atg5-12-16 complex; B: structure of the linkage between the C-terminal glycine of
hAtg8 proteins and a cysteine of Atg7 via a thioester bond (the structure is analogous
to the linkage between hAtg8 and Atg3); C: structure of PE and its linkage to the
C-terminal glycine of hAtg8 proteins via an ester bond.

will be in reference to the human protein. Generally, it has been observed that the

LC3s mediate the expansion of the autophagosome membrane, whereas GABARAP

proteins are involved with the maturation and sealing of the autophagosome and

subsequent autophagosome−lysosome fusion [29]. However, these are general rules

as, for example, both LC3 and GABARAP proteins have been shown to interact

with pleckstrin homology and RUN domain containing M1 (PLEKHM1) in GST-

pulldown experiments from HeLa cell lysate [30]. PLEKHM1 was shown in this study

to regulate autophagosome-lysosome fusion through the HOPS complex showing a

non-typical role of LC3 proteins in this process.

These hAtg8 proteins initially exist in a cytosolic form before lipidation to an-

chor them to the autophagosomal membrane. This lipidation reaction is described

in Figure 1.2. Initially, the cytosolic form is activated by Atg4 which removes a C-

terminal tail, leaving a C-terminal glycine residue [31]. This is activated by Atg7 be-

fore transfer to Atg3; both steps involve conjugation to the C-terminal hAtg8 glycine

carboxyl group by the formation of a thioester bond [32]. Conjugation to a lipid

phosphatidylethanolamine (PE) group localised to the autophagosomal membrane is

then completed by the Atg12-Atg5-Atg16 complex to give lipidated hAtg8 as well as

releasing Atg3 [33, 34]. Atg3 has been shown to have curvature-sensing functionality,

whereby the lipidation reaction can only be completed in the presence of a sharply
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Figure 1.3: Crystal structure of LC3A shown in two orientations highlighting and
labeling the secondary structural elements of the hAtg8 proteins. Helices shown in
red; β-strands shown in green; random coil shown in grey (PDB ID: 3WAL).

curved membrane [35]. This results in hAtg8-PE being added at the leading ends of

the membrane as it extends, captures cargo and finally fuses; which are key functions

of the hAtg8 proteins.

The attachment of hAtg8 to the autophagosome is regulated by the cysteine pro-

tease Atg4 which deconjugates them from PE [36]. This allows the maintenance

of free hAtg8 levels whilst their removal from autophagosomal membranes has been

linked with autophagosome maturation [37]. The conjugation systems previously de-

scribed are also analogous to the E1, E2, E3 and deubiquitinating enzymes in the

ubiquitination post-translational modification (PTM) system.

The Atg8 homologues are formed of a ubiquitin (Ub)-like core fold with an N-

terminal α-helical extension, shown in Figure 1.3. This N-terminal extension (α1 and

α2) is unique to the hAtg8s amongst Ub-like proteins. The Ub-like core consists of

five β-strands (β1-β5) hydrophobically packed around a single α-helical turn (α3), as

well as a short 310 helix. This core structure is sometimes referred to as a β-grasp.

There is a high level of structural similarity among the hAtg8 proteins despite

their sequence diversity, as shown in Figure 1.4. There is diversity in the charge

and morphology across the surface of the Ub-like core with particularly noticeable

differences in the surface charge presented on the N-terminal helices. These helices

are basic in all three LC3s, neutral in GABARAPL2 and acidic in GABARAP and

GABARAPL1. It is worth noting that the divide of these proteins into two subfamilies

can be slightly misleading. There is a high level of sequence identity between LC3A

and LC3B and between GABARAP and GABARAPL1; 83% and 87% respectively.
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LC3B LC3C GABARAP GABARAPL1 GABARAPL2

LC3A 83 57 31 33 40

LC3B 53 31 32 38

LC3C 38 39 40

GABARAP 87 58

GABARAPL1 61

Figure 1.4: Comparison of hAtg8 homologue sequence and structure. Top: Pairwise
similarity of hAtg8 proteins shown as a percentage, Bottom: Overlay of crystal struc-
tures of hAtg8 proteins showing structural similarity, shown from two angles. Protein
(PDB ID) colour; LC3A (3WAL) red; LC3B (3VTU) green; LC3C (3WAM) blue;
GABARAP (1GNU) yellow; GABARAPL1 (2R2Q) magenta; GABARAPL2 (4CO7)
cyan.

However, there is a much lower sequence similarity between LC3C and GABARAPL2

and their respective subfamilies.

It is presumed that the evolution of diversity from a single Atg8 in yeast to six

human homologues is due to the existence of some degree of distinction in the roles of

hAtg8 proteins in the autophagic process in humans. There is a growing body of work

focused on autophagy-related proteins selectively binding to a single hAtg8 and how

this may lead to a specific function [38, 39, 40]. For example, LC3C has been shown to

bind with a degree of selectivity, over the other hAtg8 proteins, to nuclear dot protein

52 kDa (NDP52) to promote pathogen-containing autophagosome maturation. This

selectivity may be made possible by the low level of sequence similarity of LC3C with

the other hAtg8 proteins. However, much is still unknown about how the diversity of

hAtg8s may lead to specific functions or conversely how despite the differences they
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may operate similarly.

Some tissue specificity in the expression of hAtg8 proteins has been observed [41,

42, 43]. Higher levels of GABARAPL1 and GABARAPL2 messenger RNA (mRNA)

are found in the central nervous system. GABARAPL1 is expressed to a higher level

in brain regions important in the regulation of somatomotor or endocrine function.

The expression of GABARAP on the other hand has been found to be much higher in

the endocrine glands themselves. LC3C expression is usually found to be the lowest

except in lung tissue where it is particularly high. These differences in expression

may be due to these proteins having diverse functions therefore the paralogue which

is most required may be expressed more in a particular type of tissue. For example,

it can be rationalised that LC3C, which has been shown to be involved in xenophagy,

is most highly expressed in the lungs as this is where exposure to pathogens is the

greatest.

One recent study which raises key questions about the role of hAtg8 proteins in

autophagy was conducted by Nguyen et al. [44]. This shows that the hAtg8 proteins

are not required for autophagosomes to form and seal in the context of starvation-

induced autophagy or drug (oligomycin or antimycin A)-induced mitophagy. This

work showed that after a genetic knockout (KO) of all six hAtg8 proteins mature

autophagosomes were present but appeared to be smaller than in non-KO cells. This

study also implicates GABARAP subfamily proteins as critical for autophagosome-

lysosome fusion in these contexts as the KO cells were less able to undergo autophago-

some-lysosome fusion. However, restoration of the GABARAP subfamily and not the

LC3 led to a return to the WT phenotype. It is important to note that this study

does not preclude a vital role for hAtg8 proteins in the selective autophagy of other

ubiquitinated cargo including protein aggregates as this context was not studied.

1.3 The Autophagy Interacting Motif

Amongst the proteins which interact with hAtg8 proteins are the autophagy recep-

tors and the autophagy adapters. Autophagy receptors bind cargo for degradation;

usually through a ubiquitin binding domain but other recognition domains are also

utilised [45, 46, 47]. This acts as a bridge between the cargo and the autophagoso-

mal membrane. The process of selective autophagy is mediated by these receptors.

Autophagy adapters perform the alternative role of binding to hAtg8 proteins to fa-

cilitate the other stages of autophagy; the formation, maturation and transport of

the autophagosome and its subsequent fusion with the lysosome. The interaction of
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Figure 1.5: Crystal structure of LC3B (grey surface) bound to a short peptide repre-
senting the AIM of p62 (red and green cartoon representation). Peptide W338 and
L341 side chains are shown with stick representations of the side chains binding into
the surface clefts of LC3B. Acidic residues preceding the AIM consensus sequence are
shown in red. (PDB ID: 2ZJD).

these receptors and adapters with hAtg8 proteins is mediated by a short amino acid

sequence called an Atg8-interacting motif (AIM) [48].

The AIM is typically considered to have the consensus sequence [F/W/Y]-x1-x2-

[I/L/V] or more generally [θ]-x1-x2-[τ ], with θ representing a residue with a side chain

containing an aromatic group and τ representing a residue with a hydrophobic side

chain [12]. Structural studies have indicated that the first and fourth residues in this

sequence generally bind into separate hydrophobic pockets on the hAtg8 surface, these

side chains are shown in Figure 1.5 as sticks [49, 50]. It has also been noted that the

intermediate residues (x1 and x2) in the motif can have an effect on binding as they

can affect hAtg8 binding specificity [51]. Additionally, there is a preference for some

acidic residues around the AIM motif particularly the three residues preceding, which

can reinforce this hydrophobic interaction with ionic interactions due to the presence

of positively charged residues nearby on the hAtg8 surface [38, 52]. For example, the

three acidic residues of the p62 AIM preceding the core motif are shown in Figure

1.5.

The binding surface on hAtg8 proteins is characterised by the binding pockets

near the exposed β2-strand, previously referred to as the W-site and the L-site due

to their binding of the tryptophan (W) and leucine (L) residues of the p62 AIM.
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Figure 1.6: Crystal structure of LC3B highlighting the binding pockets for recognition
of the AIM; residues which form part of the pockets are labeled. Green surface
indicates residues forming the L-site; red surface indicates residues forming the W-
site. (PDB ID: 2ZJD).

These predominantly conserved binding pockets are shown on LC3B in Figure 1.6.

The W-site is located between α2 and β2 and the L-site is located between β2 and

α3. This mode of binding explains why AIM sequences will selectively bind to hAtg8

proteins over other Ub-like proteins as the N-terminal helix α2 is unique to the hAtg8

family. These binding pockets around the exposed β2-strand allow the formation of

an intermolecular parallel β-sheet with the AIM residues adopting an extended β-

conformation. The formation of this conformation may be less defined in full length

protein as current structural studies have been performed solely with AIM peptides

which are likely to have a greater degree of conformational flexibility.

As well as a high level of structural similarity between the hAtg8 proteins, there

is also a high level of similarity in their binding modes with AIM-containing pep-

tides. Comparison of the structure of the GABARAPL1/neighbour of BRCA1 gene

protein (NBR1) AIM complex with the LC3B/p62 (over analogous secondary struc-

ture elements) and GABARAP/calreticulin (over the structured residues E12-V114)

complexes gave RMSD values of 1.85 Å and 1.59 Å respectively [50, 1, 53].
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Figure 1.7: Schematic illustrating the domain structure of p62. The PB1 domain
facilitates p62 oligomerisation. The ZZ domain is a zinc finger which interacts with
RIP which is involved in NF-KB activation. NLS1 and NLS2 are nuclear localisation
signal domains. TB is a TRAF6-binding domain which is also involved with NF-KB
activation. NES is a nuclear export domain. The AIM binds to Atg8 proteins. The
KIR interacts with Keap1 which is involved in a number of signaling pathways. The
UBA domain interacts with ubiquitin moieties.

1.4 p62 Autophagy Receptor/Adapter

p62, expressed from the gene SQSTM1, was the first mammalian protein identified

as an autophagy receptor and it is probably the best characterised [11, 49, 54, 55].

It is a multidomain protein comprised of 440 amino acid residues, as illustrated in

Figure 1.7, which is involved in a number of important cellular pathways including

autophagy.

Three domains mediate the direct role of p62 in autophagy: the N-terminal Phox

and Bem1 (PB1) domain, its AIM and the C-terminal ubiquitin binding domain

(UBA). These three operate to bring autophagic cargo to the forming autophagosomal

membrane. First, a PTM occurs where K63-linked poly-Ub is covalently attached to

cargo which has been targeted for degradation by autophagy [56]. The p62 UBA

domain selectively binds to this specific poly-Ub linkage type [47, 57]. The p62 AIM

then targets this cargo to the forming autophagosome via its interaction with the

hAtg8 proteins on the membrane. The crystal structure showing the interaction of

p62 with LC3B, mediated by its AIM, was shown in Figure 1.5.

These interactions form the basis of the role of p62 in autophagy but it also

has additional functionality. The PB1 domain of p62 has been shown to facilitate

protein self-assembly into flexible helical filaments [58, 59]. These filaments have been

reported to shorten on binding to K63-linked octa-Ub but not to di-Ub. This indicates

that binding to this larger octa-Ub polymer is sterically disrupting the filaments,

rather than some conformational change from binding. Binding to LC3B was also

shown to not affect filament size in these studies.

This presents two models for the role of p62, both of which presumably occur

simultaneously and cooperatively in vivo. As autophagosome formation is initiated
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and hAtg8 proteins are recruited to the membrane, they bind to p62 filaments which

present multiple AIM domains and can form a scaffold for membrane elongation via

avid interactions. This is supported by the fact that the genetic KO of all six hAtg8

proteins using CRISPR in HeLa cells results in smaller autophagosomes while p62

is still enclosed in the membrane, suggesting that the filaments may not be able to

attach to the membrane and work as a scaffold to elongate the membrane but they

can still be engulfed by the autophagosome [44].

On the other hand, with cargo bound the p62 will form smaller filaments or even

return to monomers which sequester cargo to the membrane. The smaller filaments

would also still be capable of forming avid interactions with both the hAtg8 protein

on the membrane and with Ub chains attached to cargo. These avid interactions may

be particularly important as the individual binding affinities of these interactions are

not particularly strong, with low µM KD values [51, 1]. This disruption of the larger

filaments may also result in the accessibility of more UBA domains, allowing more

cargo to be bound. In this way p62 can therefore be considered as both an autophagy

receptor (which recruits cargo to the autophagosome) and an adapter (which facil-

itates the elongation of the membrane), with both roles simultaneously carried out

to some degree. These dual roles for p62 appear to be particularly important in

aggrephagy.

Mitophagy is the selective degradation of mitochondria by autophagy in which

p62 is postulated to play a role. A common mechanism for this process is the PTEN-

induced putative kinase 1 (PINK1)/Parkin pathway whereby PINK1 initially accu-

mulates on the membrane of damaged mitochondria. This leads to the recruitment

of the ubiquitinating enzyme Parkin which attaches poly-Ub chains onto outer mi-

tochondrial membrane proteins as a degradation signal. These Ub chains are then

recognised by autophagy receptors and the process of autophagy then proceeds as pre-

viously described. p62 and optineurin have been shown to be involved as autophagy

receptors here.

p62 does appear to operate slightly differently in this selective mitophagy process

compared to its role in aggrephagy for example. This may be due to a preference

for the use of optineurin as an autophagy receptor in this case. p62 does not appear

to be as involved in recruitment of mAtg8 to damaged mitochondria as it is to other

ubiquitinated substrates though it does appear to accelerate mitochondrial aggrega-

tion [60]. This essentially means that p62 binds to ubiquitinated mitochondria then

aggregates through the PB1 domain. This works to hold damaged mitochondria to-

gether which facilitates other autophagy receptors recruiting the cargo to the forming
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autophagosome. It appears to be playing more of an autophagy adapter role than in

other processes.

Optineurin has been identified as a key autophagy receptor involved in this process

as engulfment of damaged mitochondria is reduced in HeLa cells short interfering

ribonucleic acid (siRNA)-depleted of optineurin [61]. This study also showed some

evidence of optineurin and p62 binding to different sites on the mitochondrial surface.

Depletion of p62 however did not appear to affect mitochondrial engulfment which

indicates that the process may be optimised by aggregation of mitochondria by p62

but that is not essential for optineurin-mediated recruitment.

p62 is also involved in autophagy signaling as well as this direct role in the process;

this occurs through two important interactions with mTORC1 and Keap1. Cellular

growth, protein synthesis and autophagy are all regulated by mTORC1, through its

kinase activity [62]. mTORC1 activation occurs on the surface of the lysosome in an

amino acid dependent manner which requires p62 [54, 63]. Raptor is a subunit of the

mTORC1 complex to which p62 has been shown to bind, resulting in activation of

the complex. This activation comes partly from the interaction of p62 with tumour

necrosis factor associated receptor factor 6 (TRAF6) which is an E3 ubiquitinating

enzyme [64]. This interaction recruits TRAF6 to mTORC1 where it ubiquitinates

the complex with K63-linked poly-Ub which promotes mTORC1 activation. So p62

is required to downregulate autophagy under nutrient rich conditions.

The other important autophagy signaling interaction of p62 is facilitated by kelch-

like ESH-associated protein 1 (Keap1) which forms a homodimer that binds to nuclear

factor erythroid 2-related factor 2 (Nrf2) under normal cellular conditions. This com-

plex is degraded by the proteasome due to an interaction of Keap1 with Cullin3-based

ubiquitin ligases [65]. This interaction is interrupted by oxidative stress or by p62

binding, both of which lead to the release of Nrf2 [66, 67]. The oxidative stress al-

ters the conformation of Keap1 to inhibit binding whereas p62 interacts with Keap1

through its KIR domain to competitively inhibit the interaction. p62 has a phospho-

rylation site which increases the affinity of this interaction which interestingly has

been shown to be phosphorylated by activated mTORC1 [68]. The release of Nrf2

by these two mechanisms allows the protein to translocate to the nucleus to induce

expression of a number of genes encoding for anti-oxidant and anti-inflammatory pro-

teins and also p62 itself. In addition to this p62 is also involved in signaling pathways

related to NF-κB activation, adipogenesis and apoptosis [54, 69, 70].
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Figure 1.8: Two representations of the crystal structure of LC3B bound to a short
peptide representing the AIM of p62 modified to show the LC3B T50 phosphorylation
and its proximity to the acidic residues of the AIM which are shown in red (modified
from 2ZJD). Left: Cartoon representation of LC3B pT50 showing the phosphory-
lated side chain as a stick representation; Right: Surface representaiton of LC3B
pT50 showing the surface presentation of the phosphate group (red: oxygen, white:
hydrogen, orange: phosphate).

1.5 Autophagy Regulation

PTMs are a diverse set of chemical operations which can be used to modulate cel-

lular processes [71]. Often this involves attachment of a chemical group to a translated

protein to alter the activity of the protein. Moieties which are commonly added as a

PTM include phosphate, ubiquitin, acetyl, lipid and methyl groups. These additions

can occur reversibly or irreversibly. PTM of autophagy-related proteins is reviewed

in Ref [72] and the lipidation of hAtg8 proteins illustrated in Figure 1.2 is a key PTM

in the process of autophagy.

Phosphorylation is a particularly common PTM of proteins whereby a protein

kinase covalently attaches a phosphate group to an amino acid side chain; most com-

monly to the hydroxyl group of a serine, threonine or tyrosine. Phosphorylation has

become a key area of research in the regulation of autophagy and will be an area

of focus within this work. One example of the role of phosphorylation in autophagy

is the phosphorylation on S12 of LC3A, which inhibits LC3A recruitment to the

autophagosome. This lowers the basal rate of autophagy but metabolic and patho-

logical inducers of autophagy can then result in dephosphorylation and a subsequent

increase in LC3A in the autophagosomal membrane, presumably leading to increased

autophagic flux [73].

Another phosphorylation site on an LC3 subfamily protein, which will be investi-

gated in this work, is T50 of LC3B which has been shown to be involved in regulating
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the fusion between autophagosomes and lysosomes [3]. A modified crystal structure

showing the site of this phosphorylation is shown in Figure 1.8. In the work by

Wilkinson et al., STK3 and STK4 were shown to phosphorylate LC3B T50 in vitro.

Subsequent knock down of these kinases in mouse-embryonic fibroblasts (MEF) led to

inefficient clearing of group A streptococcus, presumably due to the autophagic block

in lysosome fusion. A phosphomimetic mutation (T50E) at this site in STK3/STK3

KO MEF was then shown to reverse this blockage in autophagy and result in the

restoration of efficient bacterial clearing. As this phosphorylation site appears on the

surface of LC3B in close proximity to its AIM binding site it may be the case that

the effect on autophagy caused by this phosphorylation is mediated by altering the

interaction of LC3B with autophagy adapters.

A significant number of p62 phosphorylation sites are known, throughout the

sequence of the protein [46, 68, 74]. Of importance to its role in autophagy, it has

been shown to be phosphorylated by casein kinase 2 and TANK-binding kinase 1

(TBK1) at S403 which is part of its UBA domain [74, 75]. This leads to increased

affinity for poly-Ub chains and a subsequent enhancement of autophagic clearance of

Ub-proteins and Ub-mitochondria.

Another interesting phosphorylation site has been identified on p62, directly ad-

jacent to the AIM, on S342 [76, 77]. In work by Richter et al., p62 was shown to be

phosphorylated at S342 significantly more in the presence of WT TBK1 compared

to a kinase-deficient mutant (TBK1 K38A) [46]. It has been shown that inhibition

of TBK1 leads to inhibition of autophagy, via a number of selective autophagy path-

ways, so this clearly links this S342 phosphorylation site with autophagy as well as

the hypothetical link of close sequential proximity [78]. TBK1 has also been shown

to be important in mitophagy and xenophagy [46, 79].

The phosphorylated serine is expected to be involved in the modulation of the ionic

interaction between p62 and hAtg8 proteins as it directly follows the hydrophobic

residue in the consensus AIM; WTHL[pS] or [θ]-x1-x2-[τ ]-[pS]. In the modified crystal

structure shown in Figure 1.9 this phosphate group appears in the vicinity of two

charged residues on the LC3B surface for example; H57 and R69. The phosphorylation

will therefore be hypothesised to increase the affinity of the interaction with LC3B

similarly to the acidic residues which precede the AIM. It is worth noting that as the

surface charge of the hAtg8 proteins varies it is likely that each hAtg8-p62 interaction

will be affected differently, which could clearly be related to functional diversity.

The p62 S342 phosphorylation can be compared to the optineurin S177 phos-

phorylation, which is also an autophagy receptor believed to be phosphorylated by
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TBK1. This phosphorylation site precedes the AIM and phosphorylation there has

been shown to increase LC3B binding and promote selective autophagy of Salmonella

enterica [80]. p62 has also been shown to have a phosphorylation site in this preceding

region of the AIM; pS332. So it remains to be determined whether the phosphoryla-

tion on the other side of the AIM consensus sequence, as in the case of p62 pS342,

will have a similar effect.

Figure 1.9: Crystal structure of LC3B bound to a short peptide representing the AIM
of p62 modified to show pS342 and the proximity of this added phosphate group to
charged atoms on the protein surface (modified from 2ZJD). LC3B is shown in grey
with the charge shown in red (negatively charged atoms) and blue (positively charged
atoms); the peptide is shown in green with oxygen atoms in red, nitrogen atoms in
blue and phosphorus atoms in orange.

1.6 Neurodegenerative Disease

Neurodegenerative disease is a broad term for a range of disorders which involve

degradation and/or death of neurons. Neurodegenerative diseases are commonly char-

acterised by misfolded or aggregated protein or RNA species in neurons and often by

the induction of neuronal cell death. Neurons are at particular risk from these diseases

as they are post-mitotic and therefore do not undergo mitosis. As such aggregates

(sometimes referred to as inclusions) cannot be diluted by cell division. Neurodegen-

erative diseases can be defined by the particular protein(s) involved in aggregates and

in which particular neurons this accumulation is causing the pathology. The type
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and position of neurons within the nervous system can usually be correlated with

function to some degree so localised damage leads to the differential symptoms of a

given condition. Neurodegenerative disease can also be classified as either sporadic

(patients have no affected first degree relatives) or familial (patients have affected

first degree relatives). However it is usually the case that so-called sporadic cases will

have some genetic basis, which indicates the inheritance of risk factors rather than

the specifically disease-causing genes of familial cases.

Aggregates can be deleterious to neurons through a range of mechanisms. It is first

important to consider the content of the aggregates. Proteins which have aggregated

often have important roles so their inclusions may lead to a reduction in functional

protein in the cell. For example, TAR-DNA binding protein 43 (TDP-43) plays a role

in RNA regulation which could be reduced in cells where significant concentrations

of this protein are contained within aggregates; as is the case in amyotrophic lateral

sclerosis (ALS) which is discussed later. RNA aggregation results in similar damging

processes as mRNA which is aggregated cannot be translated into protein. In ad-

dition to this, the autophagic and proteasomal machinery itself will be occupied by

these aggregates leading to a reduction in a cells ability to effectively degrade other

material [81]. Protein chaperones required for the folding of other proteins may also

become entangled in these aggregates making other proteins more likely to misfold

and exacerbate the problem [82].

In addition to the loss of protein function it can also be the case that the aggregates

develop new activity which can be damaging to the cell. These large structures may,

for example, sterically inhibit the function of cells by blocking axonal transport. The

projections of neurons are particularly susceptible in this way compared to other

cell types due to the relatively large distance they can extend. It has also been

suggested that protein aggregates lead to a signaling response which reduces total

protein synthesis and that the persistence of these aggregates in neurodegenerative

disease results in on-going detrimental deficits in proteins vital for cellular function

[83].

1.6.1 Link To Autophagy

It has become increasingly clear that there is a link between autophagy and a num-

ber of neurodegenerative diseases. Studies in mice have shown removal of important

genes involved in autophagy leads to ubiquitin-positive inclusion bodies in neurons

which appear to lead to a phenotypic difference in motor neurons [84, 85]. p62 also
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appears at reduced levels in the brains of Alzheimer’s disease patients, due to reduced

transcription from SQSTM1, compared with those not suffering from the disease but

increased p62 inclusion bodies are observed in the hippocampus of Alzheimer’s disease

patients [86, 87]. So less p62 is being produced as well as a higher proportion being

trapped in aggregates which will clearly affect the capacity of this protein to perform

its key functions in the process of autophagy.

It is usually considered that autophagy and proteasomal degradation work to-

gether for protein quality control and maintenance of proteostasis, something which

appears to be failing in neurodegenerative disease. Both processes recognise poly-

Ub proteins but it is generally thought that most of these proteins are degraded by

the proteasome with only the larger or insoluble protein aggregates removed via au-

tophagy. Recruitment to a given degradative pathway occurs depending on the type

of poly-Ub chain added. The functional redundancy of having both of these systems

may be required to ensure this important role is effectively carried out. For exam-

ple, it has been shown that proteasome inhibition leads to an increase in autophagic

activity [88].

One interesting aspect of this duality of degradation pathways is evidence of a

switch caused by aging. This comes from studies of the molecular chaperones of

the Bcl-2-associated athanogene (BAG) protein family. BAG1 and BAG3 have been

shown to regulate proteasomal degradation and autophagy respectively [89, 90]. In-

formatively, during aging there is a switch in preferential expression from BAG1 to

BAG3 which implies older cells are preferentially relying upon autophagy [91]. This

goes some way towards explaining the increased importance of autophagy in age-

related neurodegenerative disease. However, it is important to also consider that it

has been shown that autophagy declines upon aging [92]. This data suggests that both

systems decrease during aging but over time there begins to be increased reliance on

autophagy to regulate proteostasis.

As well as clear evidence on the role of dysfunctional aggrephagy in neurodegener-

ative disease, dysfunctional mitophagy has also been implicated. Mitochondria are of

particular importance for neuronal function and survival due to the high energy de-

mand of these cells. There is a wide range of evidence linking neurodegeneration with

impaired mitochondrial dynamics and function [93, 94, 95, 96]. So the autophagic

machinery is required to maintain at least these two types of specific degradation of

large substrates (aggrephagy and mitophagy) making dysfunction more likely as the

systems decline during aging.

CMA has also been shown to be vulnerable to neurodegenerative disease. For
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example, inefficient translocation of disease-related tau mutant fragments into the

lysosome, via CMA, has been shown to form damaging Tau aggregates which could

contribute to Alzheimer’s disease and other tau-related neurodegenerative diseases

[97]. CMA has been observed to decline during aging which can clearly combine with

other age-related declines to influence neurodegeneration. Age-related CMA decline

has been linked to decreasing levels of lysosome-associated membrane protein 2A, an

important lysosomal maintenance glycoprotein [98].

1.6.2 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a subtype of motor neuron disease which re-

sults in progressive paralysis from the selective loss of upper and lower motor neurons

in the brain and spinal cord. Symptoms of ALS are broadly caused by muscle weak-

ness and can include difficulty controlling speech or swallowing, fatigue in the limbs,

muscle cramps and twitches. Symptom onset often varies dramatically amongst pa-

tients. Eventually, the muscle weakness will result in paralysis which leads to death

by respiratory failure. ALS is generally fatal within 1 to 5 years of onset and is

considered to be sporadic in 90 to 95% of cases [99].

Frontotemporal lobar degeneration (FTLD) is a related collection of neurodegener-

ative diseases typically characterised by the atrophy of the frontal and temporal lobes

of the brain. This category of disease includes frontotemporal dementia, progres-

sive supranuclear palsy and corticobasal degeneration. Symptoms typically involve

cognitive impairment which leads to a variety of changed behaviours in the patient.

These two diseases are believed to have related pathogenic mechanisms and are per-

haps best considered as on opposite ends of a spectrum of disease often referred to as

ALS-FTLD. There is often an observable overlap in symptoms of these two poles of

the continuum as, for example, up to half of ALS patients also experience cognitive

impairment of the type more associated with FTLD [100].

Throughout the ALS-FTLD spectrum there is a common pathology associated

with the aggregation of TDP-43 and fused in sarcoma (FUS) proteins [101, 102]. Ad-

ditionally, inclusions of superoxide dismutase 1 (SOD1) and tau proteins are found

distinctly at opposite ends of the disease spectrum in ALS and FTLD respectively.

All of these protein inclusions can also be characterised by the presence of p62 and

Ub as well as other important autophagy receptors such as valosin-containing protein

(VCP/p97) [103, 104, 105, 106]. TDP-43 has been reported as the predominant pro-

tein species found in inclusions in ALS-FTLD as well as being a secondary pathological
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feature in a number of other neurodegenerative diseases [101, 107, 108, 109, 110]. Pro-

teins found in ALS-FTLD inclusions and their normal functions are summarised in

Table 1.1. Autophagic dysregulation has been shown in sufferers of ALS-FTLD by

virtue of increased numbers of autophagosomes in post mortem analyses of patient

tissue [111]. This is indicative of upregulated autophagy or it may be that autophago-

somes are not being cleared efficiently.

Mutations which have been associated with ALS can generally be split into those

which affect genes linked to RNA processing and those which affect protein degra-

dation. SOD1 is the exception to this which removes superoxide radicals and has

been associated with the maintenance of mitochondria. These mutations then either

result in a reduction of RNA processing (or protection against oxidative damage)

and/or a reduction in the capacity of the machinery to remove protein aggregates

and damaged mitochondria. This all amounts to an increased probability of neuron

death. The most common mutation observed in ALS is in the C9orf72 gene, where

intronic expansion of a hexanucleotide (GGGGCC) repeat is observed [120, 133, 134].

This expanded RNA forms aggregates which have been shown to lead to cell death

in neuronal cell lines [135]. The normal function of C9orf72 protein remains poorly

defined but it has been implicated in protein degradation by the regulation of endo-

somal trafficking [136]. Further supporting the role of autophagy in the pathogenesis

of ALS-FTLD, a number of mutations believed to have given a genetic predisposition

to these diseases are found in key autophagy regulators [137].

TBK1 was previously discussed in Section 1.5 as a kinase involved in the regulation

of autophagy and this has also been shown to be mutated in some cases of ALS

[138, 139, 140]. A review by Oakes et al. collated all known TBK1 mutations from

eight genetic studies of patients with ALS-FTLD and found 92 different mutations

[141]. These were predicted to produce a mixture of loss-of-expression and loss-of-

function results for the protein. They also found that the observed mutations are

equally distributed throughout the protein and the majority are missense.

Mutations to p62 have been shown to be related to ALS in a number of studies.

One American study reported p62 mutations in 1.76% of cases of familial ALS and

4.37% cases of sporadic ALS [142]. A p62 L341V mutation of particular interest

to this work has been found in a patient with late-onset sporadic ALS [143]. This

missense mutation changes the hydrophobic residue in the consensus sequence of the

p62 AIM. This was initially predicted to be a benign mutation in terms of the proteins

interactions with hAtg8 proteins as it is to another hydrophobic residue of similar size

so was expected to occupy the hydrophobic pocket (L-site) in the same way. However
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it was shown that a L341V p62 AIM peptide had a roughly 3-fold reduction in binding

to LC3B in vitro [1]. It was also shown that L341V p62 was less incorporated into

autophagic vesicles in two neuronal cell lines (NSC-34 and Neuro-2a). The mutated

residue is highlighted in Figure 1.10 which aids in the structural rationalisation of

this decrease in affinity. Leucine is a larger hydrophobic residue and it can be seen

that this allows it to orient the two terminal carbon atoms of the side chain into a

cleft on the LC3B surface. Due to its different size and branching this is not possible

for valine and instead there is likely steric clash with the β-branched sidechain which

requires more significant remodeling of the binding site; associated with the reduction

in affinity. This mutation shows a small change in the autophagic process leading to

a clear pathogenic phenotype, which is more likely to lead to cell death and disease.

p62 mutations associated with ALS-FTLD have also been shown to be detrimental to

mitochondria by virtue of decreased membrane potential [96]. These mutations were

shown to be linked with increased reactive oxygen species in the cytosol. This shows

how the diverse role of p62 in autophagy and other processes makes mutations which

affect its function so damaging.

Figure 1.10: Crystal structure of LC3B bound to a short peptide representing the
AIM of p62. Top: Two angles of the WT p62 AIM; Bottom: Two angles of the p62
AIM modified to show the L341V ALS-related mutation (modified from 2ZJD).
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1.6.3 Potential Therapies

There is currently no cure for ALS, most likely due to the complex pathology and

causes associated with the disease. Regulation of autophagy has become an interesting

therapeutic approach for neurodegenerative disease in general and ALS in particular.

mTOR pathway inhibitors, particularly rapamycin, have been used as autophagy

inducers in a wide range of research but they induce global, mass degradation which

may lead to negative outcomes for cells and their survival if applied clinically. They

have also been shown to have an immunosupressing effect. The potential benefits and

risks of rapamycin as a treatment for ALS have been shown using a mouse model

of ALS (SOD1 G93A). Treatment of this mouse model with rapamycin has been

shown to increase neuronal degeneration and reduce lifespan [144]. A similar effect

was seen in a another FTLD-ALS mouse model (VCP R155H), where rapamycin

treatment worsens the degenerative phenotype [145]. This negative finding in SOD1

G93A mice was supported by Staats et al. but they also recognised the off-target

immunosuppressing effect of this drug [146]. By suppressing mature lymphocytes in

these mice an increased survival rate was observed. This indicates that the increase in

autophagy observed during rapamycin treatment does have beneficial effects on this

ALS model but the off target interaction with the immune system results in a net

negative effect. This clearly opens the door for more specific targeting of autophagy

as a therapeutic strategy.

Lithium is another drug that has been investigated for treatment of ALS with

mixed results. Work on presymptomatic SOD1 G93A male mice was shown to increase

autophagy and extend lifespan [147]. A study to follow up this work used the same

SOD1 G93A mutation as a model but looked at female mice from two different genetic

backgrounds [148]. Conversely, this study showed no effect in one of the genetic groups

and reduced survival in the other. Further study of lithium in this context will be

required for its development as a reliable therapeutic.

Another treatment strategy has looked at the role of ataxin-2. This protein ap-

pears to be involved in the maturation of stress granules which involve inclusions

of TDP-43. Therapeutic reduction in ataxin-2 has been shown, in mice, to reduce

TDP-43 inclusions which leads to improved motor function and increased lifespan

[149]. This is an interesting example of the possibilities for the treatment of ALS, as

counter to the previous examples these positive outcomes were caused by an apparent

reduction in autophagy; illustrating the fine balance of this process.

A more promising therapeutic strategy may come from regulation of selective
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autophagy rather than this simplistic control of total autophagy. This may occur via

control of autophagy receptors and adapters; in terms of both their expression and

PTMs. A potential selective therapeutic approach was shown in the case of urolithin

A which has been shown to induce mitophagy [150]. This has been shown to prolong

C. elegans lifespan and to increase exercise capacity in mouse models of age-related

decline. Another drug which has been shown to induce mitophagy is p62-mediated

mitophagy inducer (PMI) [151]. This has been shown to work by increasing the

free concentration of Nrf2 which causes an upregulation in p62 expression; leading

to increased mitophagy without observable consequence to mitochondrial function or

autophagic flux.

This highlights the variability of the disease and that there is likely no single cure.

Further understanding of the widespread causes of ALS-FTLD may lead to targeted

therapy whereby drugs can be selected for a specific function to target the particular

failings of autophagy in a given case.

1.7 Aims and Objectives

The interaction between p62 and the hAtg8 proteins on the autophagosomal mem-

brane is critical in the process of autophagy. This interaction allows p62 filaments

to work as scaffolds for the growing autophagosome and allows ubiquitinated cargo

to be selectively targeted to the membrane for degradation. This work aims to ad-

vance understanding of this protein-protein interaction and how it is regulated and

dysregulated.

Regarding hAtg8 proteins, the focus of the literature has predominantly been on

the study of LC3B. This protein has been used as a marker for autophagy and has been

the focus of more biophysical and structural studies than the other hAtg8 proteins.

The divergent evolution of six hAtg8 proteins has been suggested to imply functional

differences in these proteins which is supported by their varying sequence homology

and some characterisation of selective binding. The overarching view of this work is

to expand the focus beyond LC3B or any particular hAtg8 in isolation to investigate

these six related proteins simultaneously.

This work will apply a range of biophysical characterisation techniques to study

the key protein-protein interactions between the hAtg8 proteins and the AIM of p62.

This will investigate the binding interactions of the six hAtg8 proteins with the WT

p62 AIM. A previously published backbone NH assignment of GABARAPL2 will first

be confirmed before it is utilised to investigate the binding of this protein with the WT
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p62 AIM. The initial exploration of the hAtg8-WT p62 AIM interaction will allow

comparison for the effects caused by phosphorylation and a disease-related mutant.

The study of phosphorylation as a regulatory mechanism of this interaction will

look at a p62 phosphorylation site and an LC3B phosphorylation site. The study of

p62 phosphorylation by TBK1 will include a kinase binding assay and will then focus

on a particular TBK1 phosphorylation site at S342 of p62. The effect of phosphory-

lation at this site on binding affinity will be studied in comparison to the WT. Addi-

tionally, previous structural work into the interaction of LC3B with the p62 AIM will

be furthered by an NMR chemical shift mapping study of the LC3B-phosphorylated

peptide interaction. The LC3B phosphorylation site will be studied by production

of a phosphomimetic mutant of the protein. This protein will be compared to the

WT in terms of its structure and interactions through biophysical characterisation

methodologies.

Finally, an ALS-related p62 mutation will be characterised using biophysical tech-

niques to study the strength and selectivity of its interaction with the hAtg8 proteins.

This will allow comparison with WT p62 and the subsequent discussion of how the

mutation may influence disease progression.

The results pertaining to these aims will be discussed in the following chapters:

� Chapter 3 – The production and purification of the six hAtg8 proteins and their

initial characterisation. This will investigate the differences in these proteins as

well as their suitability for further study.

� Chapter 4 – Biophysical characterisation of the hAtg8-p62 AIM interaction to

produce measures of selectivity.

� Chapter 5 – NMR assignment of GABARAPL2 and the subsequent work on

defining a binding interface for its interaction with the WT p62 AIM.

� Chapter 6 – Investigation of the interaction of the hAtg8 proteins with the

phosphorylated p62 AIM. This will include a chemical shift mapping study of

the binding of a phosphorylated peptide to LC3B.

� Chapter 7 – Production of an LC3B phosphomimetic mutant and subsequent

biophysical characterisation of its interaction with the p62 AIM.

� Chapter 8 – Study of the effects of the ALS-related mutant on the hAtg8-p62

AIM interaction.
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Chapter 2

Materials and Methods

2.1 Biological Materials

Glycerol stocks of E. coli cell lines BL21 (DE3), C41 (DE3) and DH5α were

provided by Dr. Jed Long (School of Chemistry, University of Nottingham). Plasmid

DNA from each of the hAtg8 proteins (LC3A, LC3B, LC3C, GABARAP, GABARAPL1

and GABARAPL2) was also provided by Dr. Jed Long. The hAtg8 DNA sequence

had been inserted into the pGEX-4T-1 plasmid between the BamHI and XHO1 re-

striction sites as shown on the plasmid map shown in Figure 2.1. These hAtg8 se-

quences (corresponding to the protein sequence after α-thrombin cleavage) inserted

into the pGEX-4T-1 plasmid are shown in Figures 2.2-2.7.

Plasmid DNA corresponding to p62 was provided by Dr. Daniel Scott (School of

Life Sciences, University of Nottingham). The p62 DNA sequence had been inserted

into the pGEX-4T-1 plasmid between the BamHI and XHO1 restriction sites as

shown on the plasmid map in Figure 2.8.
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Figure 2.1: Annotated plasmid map showing hAtg8 DNA inserted into pGEX-4T-1
and other important features of the plasmid.
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LC3A:
G S M P S D R P F K Q R R S F A D

GGA TCC ATG CCC TCA GAC CGG CCT TTC AAG CAG CGG CGG AGC TTC GCC GAC

R C K E V Q Q I R D Q H P S K I P

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 Q L P V L S K

GTG ATC ATC GAG CGC TAC AAG GGT GAG AAG CAG CTG CCC GTC CTG GAC AAG

T K F L V P D H V N M S E L V K I

ACC AAG TTT TTG GTC CCG GAC CAT GTC AAC ATG AGC GAG TTG GTC AAG ATC

I R R R L Q L N P T Q A F F L L V

ATC CGG CGC CGC CTG CAG CTG AAC CCC ACG CAG GCC TTC TTC CTG CTG GTG

N Q H S M V S V S T P I A D I Y E

AAC CAG CAC AGC ATG GTG AGT GTG TCC ACG CCC ATC GCG GAC ATC TAC GAG

Q E K D E D G F L Y M V Y A S Q E

CAG GAG AAA GAC GAG GAC GGC TTC CTC TAT ATG GTC TAC GCC TCC CAG GAA

T F G F

ACC TTC GGC TTC TGA

Figure 2.2: Protein and DNA sequence of LC3A protein used in this work after
thrombin cleavage.

LC3B:
G S M P S E K T F K Q R R T F E Q

GGA TCC ATG CCG TCG GAG AAG ACC TTC AAG CAG CGC CGC ACC TTC GAA CAA

R V E D V R L I R E Q H P T K I P

AGA GTA GAA GAT GTC CGA CTT ATT CGA GAG CAG CAT CCA ACC AAA ATC CCG

V I I E R Y K G E K Q L P V L D K

GTG ATA ATA GAA CGA TAC AAG GGT GAG AAG CAG CTT CCT GTT CTG GAT AAA

T K F L V P D H V N M S E L I K I

ACA AAG TTC CTT GTA CCT GAC CAT GTC AAC ATG AGT GAG CTC ATC AAG ATA

I R R R L Q L N A N Q A F F L L V

ATT AGA AGG CGC TTA CAG CTC AAT GCT AAT CAG GCC TTC TTC CTG TTG GTG

N G H S M V S V S T P I S E V Y E

AAC GGA CAC AGC ATG GTC AGC GTC TCC ACA CCA ATC TCA GAG GTG TAT GAG

S E K D E D G F L Y M V Y A S Q E

AGT GAG AAA GAT GAA GAT GGA TTC CTG TAC ATG GTC TAT GCT TCC CAG GAG

T F G M K L S V

ACG TTC GGG ATG AAA TTG TCA GTG TAA

Figure 2.3: Protein and DNA sequence of LC3B protein used in this work after
thrombin cleavage.
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LC3C:
G S M P P P Q K I P S V R P F K Q

GGA TCC ATG CCG CCT CCA CAG AAA ATC CCA AGC GTC AGA CCC TTC AAG CAG

R K S L A I R Q E E V A G I R A K

AGG AAA AGC TTG GCA ATC AGA CAA GAG GAA GTT GCT GGA ATC CGG GCA AAG

F P N K I P V V V E R Y P R E T F

TTC CCC AAC AAA ATC CCG GTG GTA GTG GAG CGC TAC CCC AGG GAG ACG TTC

L P P L D K T K F L V P Q E L T M

CTG CCC CCG CTG GAC AAA ACC AAG TTC CTG GTC CCG CAG GAG CTG ACC ATG

T Q F L S I I R S R M V L R A T E

ACC CAG TTC CTC AGC ATC ATC CGG AGC CGC ATG GTC CTG AGA GCC ACG GAA

A F Y L L V N N K S L V S M S A T

GCC TTT TAC TTG CTG GTG AAC AAC AAG AGC CTG GTC AGC ATG AGC GCA ACC

M A E I Y R D Y K D E D G F V Y M

ATG GCA GAG ATC TAC AGA GAC TAC AAG GAT GAG GAT GGC TTC GTG TAC ATG

T Y A S Q E T F G C L E S A A P R

ACC TAC GCC TCC CAG GAG ACA TTT GGC TGC CTG GAG TCA GCA GCC CCC AGG

D G S S L E D R P C N P L

GAT GGG AGC AGC CTT GAG GAC AGA CCC TGC AAT CCT CTC TGA

Figure 2.4: Protein and DNA sequence of LC3C protein used in this work after
thrombin cleavage.

GABARAP:
M K F V Y K E E H P F E K R R S E

ATG AAG TTC GTG TAC AAA GAA GAG CAT CCG TTC GAG AAG CGC CGC TCT GAG

G E K I R K K Y P D R V P V I V E

GGC GAG AAG ATC CGA AAG AAA TAC CCG GAC CGG GTG CCG GTG ATA GTA GAA

K A P K A R I G D L D K K K Y L V

AAG GCT CCC AAA GCT CGG ATA GGA GAC CTG GAC AAA AAG AAA TAC CTG GTG

P S D L T V G Q F Y F L I R K R I

CCT TCT GAT CTC ACA GTT GGT CAG TTC TAC TTC TTG ATC CGG AAG CGA ATT

H L R A E D A L F F F V N N V I P

CAT CTC CGA GCT GAG GAT GCC TTG TTT TTC TTT GTC AAC AAT GTC ATT CCA

P T S A T M G Q L Y Q E H H E E D

CCC ACC AGT GCC ACA ATG GGT CAG CTG TAC CAG GAA CAC CAT GAA GAA GAC

F F L Y I A Y S D E S V Y G L

TTC TTT CTC TAC ATT GCC TAC AGT GAC GAA AGT GTC TAC GGT CTG TGA

Figure 2.5: Protein and DNA sequence of GABARAP protein used in this work after
thrombin cleavage.
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GABARAPL1:
G S M K F Q Y K E D H P F E Y R K

GGA TCC ATG AAG TTC CAG TAC AAG GAG GAC CAT CCC TTT GAG TAT CGG AAA

K E G E K I R K K Y P D R V P V I

AAG GAA GGA GAA AAG ATC CGG AAG AAA TAT CCG GAC AGG GTC CCC GTG ATT

V E K A P K A R V P D L D K R K Y

GTA GAG AAG GCT CCA AAA GCC AGG GTG CCT GAT CTG GAC AAG AGG AAG TAC

L V P S D L T V G Q F Y F L I R K

CTA GTG CCC TCT GAC CTT ACT GTT GGC CAG TTC TAC TTC TTA ATC CGG AAG

R I H L R P E D A L F F F V N N T

AGA ATC CAC CTG AGA CCT GAG GAC GCC TTA TTC TTC TTT GTC AAC AAC ACC

I P P T S A T M G Q L Y E D N H E

ATC CCT CCC ACC AGT GCT ACC ATG GGC CAA CTG TAT GAG GAC AAT CAT GAG

E D Y F L Y V A Y S D E S V Y G K

GAA GAC TAT TTT CTG TAT GTG GCC TAC AGT GAT GAG AGT GTC TAT GGG AAA

TGA

Figure 2.6: Protein and DNA sequence of GABARAPL1 protein used in this work
after thrombin cleavage.

GABARAPL2:
G S M K W M F K E D H S L E H R C

GGA TCC ATG AAG TGG ATG TTC AAG GAG GAC CAC TCG CTG GAA CAC AGA TGC

V E S A K I R A K Y P D R V P V I

GTG GAG TCC GCG AAG ATT CGA GCG AAA TAT CCC GAC AGG GTT CCG GTG ATT

V E K V S G S Q I V D I D K R K Y

GTG GAA AAG GTC TCA GGC TCT CAG ATT GTT GAC ATT GAC AAA CGG AAG TAC

L V P S D I T V A Q F M W I I R K

TTG GTT CCA TCT GAT ATC ACT GTG GCT CAG TTC ATG TGG ATC ATC AGG AAA

R I Q L P S E K A I F L F V D K T

AGG ATT CAG CTT CCT TCT GAA AAG GCG ATC TTC CTG TTT GTG GAT AAG ACA

V P Q S S L T M G Q L Y E K E K D

GTC CCA CAG TCC AGC CTA ACT ATG GGA CAG CTT TAC GAG AAG GAA AAA GAT

E D G F L Y V A Y S G E N T F G F

GAA GAT GGA TTC TTA TAT GTG GCC TAC AGC GGA GAG AAC ACT TTT GGC TTC

TGA

Figure 2.7: Protein and DNA sequence of GABARAPL2 protein used in this work
after thrombin cleavage.
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p62:
M A S L T V K A Y L L G K E D A A

ATG GCG AGC CTG ACC GTG AAA GCG TAT CTG CTG GGC AAA GAA GAT GCG GCG

R E I R R F S F C C S P E P E A E

CGC GAA ATT CGC CGC TTT AGC TTT TGC TGC AGC CCG GAA CCG GAA GCG GAA

A E A A A G P G P C E R L L S R V

GCG GAA GCG GCG GCG GGC CCG GGC CCG TGC GAA CGC CTG CTG AGC CGC GTG

A A L F P A L R P G G F Q A H Y R

GCG GCG CTG TTT CCG GCG CTG CGC CCG GGC GGC TTT CAG GCG CAT TAT CGC

D E D G D L V A F S S D E E L T M

GAT GAA GAT GGC GAT CTG GTG GCG TTT AGC AGC GAT GAA GAA CTG ACC ATG

A M S Y V K D D I F R I Y I K E K

GCG ATG AGC TAT GTG AAA GAT GAT ATT TTT CGC ATT TAT ATT AAA GAA AAA

K E C R R D H R P P C A Q E A P R

AAA GAA TGC CGC CGC GAT CAT CGC CCG CCG TGC GCG CAG GAA GCG CCG CGC

N M V H P N V I C D G C N G P V V

AAC ATG GTG CAT CCG AAC GTG ATT TGC GAT GGC TGC AAC GGC CCG GTG GTG

G T R Y K C S V C P D Y D L C S V

GGC ACC CGC TAT AAA TGC AGC GTG TGC CCG GAT TAT GAT CTG TGC AGC GTG

C E G K G L H R G H T K L A F P S

TGC GAA GGC AAA GGC CTG CAT CGC GGC CAT ACC AAA CTG GCG TTT CCG AGC

P F G H L S E G F S H S R W L R K

CCG TTT GGC CAT CTG AGC GAA GGC TTT AGC CAT AGC CGC TGG CTG CGC AAA

V K H G H F G W P G W E M G P P G

GTG AAA CAT GGC CAT TTT GGC TGG CCG GGC TGG GAA ATG GGC CCG CCG GGC

N W S P R P P R A G E A R P G P T

AAC TGG AGC CCG CGC CCG CCG CGC GCG GGC GAA GCG CGC CCG GGC CCG ACC

A E S A S G P S E D P S V N F L K

GCG GAA AGC GCG AGC GGC CCG AGC GAA GAT CCG AGC GTG AAC TTT CTG AAA

N V G E S V A A A L S P L G I E V

AAC GTG GGC GAA AGC GTG GCG GCG GCG CTG AGC CCG CTG GGC ATT GAA GTG

D I D V E H G G K R S R L T P V S

GAT ATT GAT GTG GAA CAT GGC GGC AAA CGC AGC CGC CTG ACC CCG GTG AGC

P E S S S T E E K S S S Q P S S C

CCG GAA AGC AGC AGC ACC GAA GAA AAA AGC AGC AGC CAG CCG AGC AGC TGC

C S D P S K P G G N V E G A T Q S

TGC AGC GAT CCG AGC AAA CCG GGC GGC AAC GTG GAA GGC GCG ACC CAG AGC

L A E Q M R K I A L E S E G R P E

CTG GCG GAA CAG ATG CGC AAA ATT GCG CTG GAA AGC GAA GGC CGC CCG GAA

E Q M E S D N C S G G D D D W T H

GAA CAG ATG GAA AGC GAT AAC TGC AGC GGC GGC GAT GAT GAT TGG ACC CAT

L S S K E V D P S T G E L Q S L Q

CTG AGC AGC AAA GAA GTG GAT CCG AGC ACC GGC GAA CTG CAG AGC CTG CAG

M P E S E G P S S L D P S Q E G P

ATG CCG GAA AGC GAA GGC CCG AGC AGC CTG GAT CCG AGC CAG GAA GGC CCG

T G L K E A A L Y P H L P P E A D

ACC GGC CTG AAA GAA GCG GCG CTG TAT CCG CAT CTG CCG CCG GAA GCG GAT

P R L I E S L S Q M L S M G F S D

CCG CGC CTG ATT GAA AGC CTG AGC CAG ATG CTG AGC ATG GGC TTT AGC GAT

E G G W L T R L L Q T K N Y D I G

GAA GGC GGC TGG CTG ACC CGC CTG CTG CAG ACC AAA AAC TAT GAT ATT GGC

A A L D T I Q Y S K H P P P L

GCG GCG CTG GAT ACC ATT CAG TAT AGC AAA CAT CCG CCG CCG CTG TGA

Figure 2.8: Protein and DNA sequence of p62 used in this work after thrombin
cleavage.
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The WT, pS342 and L341V p62 AIM peptides used here were purchased from

Genosphere Biotechnologies and Peptide Synthetics. The peptide sequences are listed

in Figure 2.9. TBK1 Recombinant Human Protein was purchased from Invitrogen.

WT p62 AIM:
SGGDDDWTHLSS

pS342 p62 AIM:
SGGDDDWTHL[pS]S

L341V p62 AIM:
SGGDDDWTHVSS

Figure 2.9: Peptide sequences of the p62 AIM peptides used in this work.
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Solution Concentration

15% Resolving Buffer 375 mM Tris, 15% acrylamide/methylene bisacrylamide
(37.5:1 ratio) solution (v/v), 0.1% SDS (w/v), pH 8.8

20% Resolving Buffer 375 mM Tris, 20% acrylamide/methylene bisacrylamide
(37.5:1 ratio) solution (v/v), 0.1% SDS (w/v), pH 8.8

2x Gel Loading Dye 100 mM Tris, 4% SDS (w/v), 20% glycerol (v/v), 0.2%
Bromophenol Blue (w/v), 200 mM DTT, pH 6.8

Blocking Buffer 5 % powdered milk (w/v, Marvel), 20 mM Tris, 150
mM NaCl, 0.1% Triton X - 100 (v/v), pH 7.5

CD Buffer 10 mM potassium phosphate buffer, pH 7.0
Cleavage Buffer 10 mM Tris, 150 mM NaCl, 25 mM CaCl2,

(1 mM DTT for LC3A, LC3C and GABARAPL2), pH
8.4

Desalt/MS Buffer 25 mM ammonium acetate
Gel Filtration Buffer 20 mM Tris, 150 mM NaCl, pH 7.5

Ion Exchange Buffer A 5 mM potassium phosphate buffer, (1 mM DTT for
LC3A, LC3C and GABARAPL2), pH 7.0

Ion Exchange Buffer B 5 mM potassium phosphate buffer, 1 M NaCl, (1 mM
DTT for LC3A, LC3C and GABARAPL2), pH 7.0

ITC Buffer 25 mM potassium phosphate buffer, 150 mM NaCl, pH
7.0

Kinase Reaction Buffer 50 mM Tris, 1 mM MgCl2, 1mM ATP, 1mM DTT, pH
7.5

Lysis Buffer 10 mM Tris, 150 mM NaCl,
(1 mM DTT for LC3A, LC3C and GABARAPL2), pH

7.5
NMR Buffer 25 mM potassium phosphate buffer, 20 mM NaCl, 5%

(v/v) D2O, 0.02% (w/v) sodium azide, (1 mM TCEP
for GABARAPL2), pH 7.0

SDS Running Buffer 25 mM Tris, 250 mM Glycine, 0.1% SDS (w/v)
Stacking Buffer 125 mM Tris, 4% acrylamide/methylene bisacrylamide

(37.5:1 ratio) solution (v/v), 0.1% SDS (w/v), pH 6.8
Washing Buffer 20 mM Tris, 150 mM NaCl, 0.1% Triton X - 100 (v/v),

pH 7.5

Table 2.1: Composition of buffers used throughout this work. All buffers were made
using milliQ water.

2.2 Chemicals

All chemicals were purchased from Sigma Aldrich or Fisher Scientific unless oth-

erwise stated. Buffers for use throughout this work were produced according to the

compositions described in Table 2.1.
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2.3 Molecular Biology Techniques

2.3.1 Agar Plates

Bacteria were plated onto lysogeny broth (LB) Agar plates to produce single clonal

colonies. LB Agar (40 g/L) was suspended in milliQ water before sterilisation. This

was cooled and stored at room temperature until required. The solid LB Agar was

then gently heated in a microwave until molten. After cooling to around 40oC ampi-

cillin (100 µg/mL) was added. The molten agar was then poured into disposable Petri

dishes. Plates which were not initially used were stored at 4oC until required.

2.3.2 Chemically Competent E. coli Cells

Aliquots of chemically competent E.coli cells were prepared to allow genetic trans-

formation of plasmid DNA. A small-scale culture of the appropriate E. coli strain was

diluted 1:100 in fresh LB media (50 mL) and incubated with shaking (37oC, 180 rpm)

until the OD595 reached ∼0.5. These cultures are carried out without the presence

of an antibiotic. Cultures were centrifuged (3,000 xg, 4oC) for 10 minutes before

resuspension in ice-cold MgCl2 (0.1M, 15 mL) solution. Cultures were again centri-

fuged (3,000 xg, 4oC) for 10 minutes before resuspension in ice-cold CaCl2 (0.1 M, 15

mL) solution and incubation (on ice) for 45 minutes. Cultures were again centrifuged

(3,000 xg, 4 oC) for 10 minutes before a final resuspension in ice-cold CaCl2 and gly-

cerol (0.1 M and 30% v/v respectively, 5 mL) solution. Cells were then split into 100

µl aliquots before storage at -85oC.

2.3.3 DNA Sequencing

Purified plasmid DNA was sent to the DNA Sequencing Facility, University of

Nottingham Medical School, QMC where a 3130xl ABI PRISM Genetic Analyser was

used. The pGEX-reverse primer (CCG GGA GCT GCA TGT GTC AGA GG) was

used to sequence the insert DNA in the pGEX-4T-1 plasmid. The pGEX-forward

primer (GGC TGG CAA GCC ACG TTT GGT G) was required to confirm the

sequence of the GST-tag in the plasmid. Results were visualised and confirmed using

Chromas 2.21.0, an example of this visualisation is shown in Figure 2.10.
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Figure 2.10: Visualisation of DNA sequencing chromatograms using Chromas soft-
ware.

2.3.4 DNA Transformation

Genetic transformations of a DNA plasmid into various E. coli cells were required

throughout this work. To do this ∼100 ng of purified plasmid DNA was added to a

100 µl aliquot of chemically competent cells which was then incubated (on ice) for 5

minutes. The sample was heat shocked (42oC) for 1 minute before further incubation

(on ice) for 15 minutes. 800 µl of LB was added before incubation with shaking (37oC,

180 rpm) for one hour. 75 µl of this culture was then streaked on an agar plate and

incubated (37oC) overnight.

2.3.5 E coli. cell culture

2.3.5.1 Small-scale Cultures

Small scale overnight cultures were required for both protein over-expression and

plasmid DNA purification. These cultures proceeded by preparation of 15 or 5 mL

freshly sterilised LB media (25 g/L) for protein and DNA respectively, to which

ampicillin was added (100 µg/mL). A small scraping of cells from the desired glycerol

stock or a single colony from an agar plate was then added before the culture was

incubated with shaking (37oC, 180 rpm) overnight.
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2.3.5.2 Protein Over-expression

An overnight culture of E. coli containing the relevant plasmid was used to inocu-

late freshly autoclaved LB media (25 g/L) at a dilution factor of 1:1000. This culture

was then incubated with shaking (37oC, 180 rpm) until the OD595 of the solution was

∼0.7 AU. Protein over-expression was induced by the addition of IPTG (1 mL, 1 M)

before incubation with shaking (20oC, 180 rpm) overnight. Cells were then harvested

from the culture by centrifugation (3000 xg, 4oC) for 30 minutes. Cell pellets were

stored at -80oC.

2.3.5.3 Isotopically Labelled Protein Over-expression

M9 minimal media is composed of the chemical components listed in Table 2.2. 1L

batches of this media were prepared and autoclaved. The chemicals listed in Table 2.3,

sterilised by filtration, were then supplemented to this autoclaved media. Overnight

cultures of E. coli cells possessing the required plasmid DNA were centrifuged (1,000

xg, 4oC) for 10 minutes to collect a cell pellet. The cell pellet was then resuspended

in freshly prepared minimal media (20 mL) before incubation with shaking (37oC,

180 rpm) for 30 minutes. This was added to the supplemented minimal media (1 L)

before incubation with shaking (37oC, 180 rpm) until the OD595 of the solution was

∼0.8 AU. Over-expression was induced by the addition of IPTG (1 mL, 1 M) before

incubation with shaking (30oC, 180 rpm) overnight. Cells were then harvested from

the culture by centrifugation (3000 xg, 4oC) for 30 minutes. Cell pellets were stored

at -80oC.

Component Concentration (g/L)

Disodium hydrogen orthophosphate 6
Potassium dihydrogen orthophosphate 3

Sodium chloride 0.5
Magnesium sulphate 0.3

Calcium chloride dihydrate 0.015

Table 2.2: Composition of minimal media before autoclaving.
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Component Concentration (mg/L)

Iron chloride hexahydrate 400
Zinc chloride 80

Ammonium molybdate tetrahydrate 20
Copper chloride dihydrate 20

Manganese chloride tetrahydrate 20
Sodium tetraborate decahydrate 20

Biotin 10
Thiamine 10

MEM vitamins solution 100X Varying, according to the manufacturer

d-Glucose-13/12C6 2000/4000 (13C6/
12C6)

Ammonium-15N chloride 1000

Table 2.3: Supplements which are sterilised by filtration before addition to minimal
media.

2.3.6 Glycerol Stocks

Cells grown in small-scale cultures from single colonies on agar plates were stored

in glycerol (25%, v/v) at -85oC.

2.3.7 Plasmid DNA Purification

5 mL overnight cultures of DH5α E. coli cells containing the required plasmid

DNA were prepared. A Sigma GenElute Plasmid MiniPrep Kit was then used to

extract plasmid DNA from these pellets according to manufacturer’s instructions.

2.3.8 Site-directed Mutagenesis

Mutation of plasmid DNA was carried out using the NEB Q5 site-directed muta-

genesis kit. This involved a modified version of the supplied protocol which involves

making up the reaction mixture in Table 2.4 and using the polymerase chain reaction

(PCR) conditions specified in Table 2.5. All primers were purchased from Sigma-

Aldrich.
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Reagent Volume / µl (Concentration)

Q5 Hot Start High-Fidelity 2x Master Mix 12.5
Forward Primer 1.25 (10 µM)
Reverse Primer 1.25 (10 µM)
Template DNA 1 (25 ng/µl)

Nuclease-free H2O 9

Table 2.4: Mutagenesis reaction mixture

Step Temperature Time

Stage I: Initial Denaturation 98oC 30 seconds
Stage II (25 cycles): Denaturating 98oC 10 seconds

Annealing 61-72oC (depending on primer) 30 seconds
Extension 72oC 4 minutes

Stage III: Final Extension 72oC 5 minutes
Stage IV: Hold 4oC Hold

Table 2.5: Thermocycler conditions for mutagenesis reaction

The Q5 kit includes a kinase, ligase, Dpn1 (KLD) treatment enzyme mix to remove

template DNA and recircularise PCR product at room temperature. Reagents were

assembled according to Table 2.6, mixed and incubated (room temperature)‘ for 10

minutes. This DNA sample was then stored at 4oC until it was transformed into

DH5α chemically competent E. coli cells.

Reagent Volume / µL

PCR product 1
2x KLD Reaction Buffer 5
10x KLD Enzyme Mix 1

Nuclease-free water 3

Table 2.6: KLD Reaction Mixture

2.3.9 Sterilisation

All glassware, plastic consumables (which were not supplied sterile), growth media

and buffers were sterilised before use by autoclaving (121oC, 15 minutes) using a

Rodwell Ensign Autoclave. Heat sensitive reagents (ampicillin, ammonium chloride,

etc.) were sterilised separately. These were dissolved in milliQ, filtered with a 0.22

µm pore size filter and added when required, without autoclaving.
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2.4 Biochemical Techniques

2.4.1 Kinase Binding Assays

Cell pellets from E. coli cultures (10 mL) overexpressing the GST-tagged p62 pro-

tein were produced as described in section 2.3.5.2. These cell pellets were resuspended

in Washing Buffer (1 mL) and cOmplete� EDTA-free Protease Inhibitor Cocktail (100

µl, Roche). The cells were then lysed by sonication. This proceeded at 4oC with three

repeats of alternating 10 second sonication and 10 second rest intervals. Cell debris

was removed from the sample by centrifugation (13000 xg for 20 minutes).

This lysate was then incubated in a 1:1 ratio with Glutathione Sepharose 4B

beads (100 µL beads used for each condition to be investigated, GE Healthcare)

with rotation (4oC) for three hours. Beads were incubated in Washing Buffer with

rotation (4oC) for 5 minutes, centrifuged (2000 xg for 1 minute) and the buffer was

removed by aspiration This was repeated with Washing Buffer and then again with

Kinase Reaction Buffer. Beads were resuspended in Kinase Reaction Buffer and split

according to the number of conditions to be investigated. After the split, Kinase

Reaction Buffer (500 µL) and TBK1 (where required, 500 ng) were added (negative

control experiments without TBK1 were also carried out). These reactions were

incubated with shaking (37oC) for one hour. Beads were incubated in Washing Buffer

with rotation (4oC) for 5 minutes, centrifuged (2000 xg for 1 minute) and the buffer

was removed by aspiration; this was carried out twice. Beads were resuspended in

Washing Buffer (500 µL) and the hAtg8 protein of interest (2 µg) was added. These

samples were incubated with shaking (37oC) for one hour. Beads were incubated in

Washing Buffer with rotation (4oC) for 5 minutes, centrifuged (2000 xg for 1 minute)

and the buffer was removed by aspiration; this was carried out three times. Beads

were then resuspended in a 2:1 mixture of water:2x Gel Loading Dye (50 µL total for

each condition). 10 µL of this sample was then used in each SDS-PAGE gel lane for

detection by Western Blot.

2.4.2 Sodium Dodecyl Sulfate Polyacrylamide Gel Electro-

phoresis

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was

used to separate proteins within a sample by molecular weight for visualisation during

purifications or binding assays. SDS-PAGE gels were poured using the Bio-Rad Mini-

Protean 3 Gel casting System according to manufacturer’s instructions. Ammonium
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persulfate (40 µL, 1.1% w/v) then N,N,N,N-Tetramethylethylenediamine (TEMED,

10 µL, 0.3% v/v) were added to the appropriate percentage Resolving Buffer (15%

or 20%, 3.5 mL, Table 2.1) before pouring into the casting system. After this was

set, Ammonium persulfate (30 µL, 1.1% w/v) and TEMED (10 µL, 0.3% v/v) were

added to Stacking Buffer (2.5 mL, Table 2.1) and poured on top of the Resolving Gel

in the casting system.

Samples were prepared by adding 2x Gel Loading Dye (Table 2.1) and heating

(95oC) for 5 minutes. Novex Sharp Pre-Stained Protein Standard (3.5-260 kDa) was

used as a standard to allow estimation of the molecular weight of a given band. The

electrophoresis was carried out at 180V for 50 minutes (15% gel) or 200V for 70

minutes (20% gel) using a BioRad PowerPac Basic and a Bio-Rad Mini-Protean 3 cell

containing SDS Running Buffer (Table 2.1). Gels were stained using GelCode Blue

Safe Protein Stain according to manufacturer’s instructions.

2.4.3 Western Blot

Proteins were detected as part of binding assays using western blotting. SDS-

PAGE gels were run as described in section 2.4.2 but they were not stained. In-

stead, they were transferred onto a 0.45 µm nitrocellulose membrane (GE) using a

Fisherbrand Electrophoresis Unit, assembled according to manufacturers instructions.

This transfer occurred at 40 mA (room temperature) overnight. The membrane was

then incubated in Blocking Buffer with rocking (room temperature) for 2 hours before

incubation in the primary antibody with rocking (varying concentration in Blocking

Buffer, 4oC) overnight. The membrane was submerged in Washing Buffer (3x 5 minute

intervals) before incubation in the secondary antibody with rocking (varying concen-

tration in Blocking Buffer, room temperature) for 1 hour. The membrane was then

submerged in Washing Buffer (3x 5 minute intervals) before incubation with ECL

Western Blotting Substrate (room temperature, Pierce) for one minute. Bands were

visualised using X-ray film (Pierce).

2.5 Protein Purification

2.5.1 Affinity Chromatography

The GST fusion proteins produced in this work were initially purified using affinity

chromatography. Cells pellets from protein over-expression (1L of original culture)

were thawed at room temperature and then resuspended in Lysis Buffer (Table 2.1,
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4 mL) with the addition of DNase 1 (10 mg/mL, 100 µL) and cOmplete� EDTA-free

Protease Inhibitor Cocktail (100 µl, Roche). The cells were then lysed by sonication.

This proceeded at 4oC for 10 minutes at 10 microns with alternating 30 second son-

ication and 30 second rest intervals. After sonication, the cell debris was removed

from the sample by centrifugation (30000 xg for 30 minutes then 35000 xg for 30

minutes, both at 4oC). The supernatant was then incubated with rotation (4oC, 30

rpm) with Glutathione Sepharose 4B beads (GE Healthcare) which had been equi-

librated in Lysis Buffer (Table 2.1). After incubation, the beads were washed with

Lysis Buffer (Table 2.1) before equilibration into Cleavage Buffer (Table 2.1). The

column was incubated with rotation (4oC, 30 rpm) overnight with human α-thrombin

(15 Units/Litre of original culture) in Cleavage Buffer (Table 2.1). Cleaved protein

was then eluted from the beads, by gravity, in Cleavage Buffer (Table 2.1, 4 mL).

2.5.2 Fast Protein Liquid Chromatography

Two FPLC systems were used for the purification of proteins over-expressed in E

coli. culture; an ÄKTA Prime and ÄKTA Start system (GE Healthcare). Fractions

containing the desired protein were identified using the ultraviolet (UV) detector of the

FPLC system measuring absorbance at 280 nm and by SDS-PAGE. These fractions

were combined, frozen and lyophilised. Lyophilised protein was then stored at -20oC

until required.

2.5.2.1 Cationic Exchange

A 5 mL HiTrap SP HP anionic exchange column (GE Healthcare) attached to

the ÄKTA Start was equilibrated in Ion Exchange Buffer A (Table 2.1). Protein

sample from the affinity chromatography step was diluted in milliQ water until its

conductivity was below that of Ion Exchange Buffer A (∼5 mS/cm). This was loaded

onto the column at 2 mL/min before washing with 25 mL Ion Exchange Buffer A

(Table 2.1). The bound protein was then eluted using a 0-40% linear gradient of Ion

Exchange Buffer B (Table 2.1) over 300 mL, collected in 10 mL fractions.

2.5.2.2 Gel Filtration

A Superdex 75 Gel Filtration column (Amersham Biosciences) attached to the

ÄKTA Prime was used after equilibration in Gel Filtration Buffer (Table 2.1). Protein

samples were injected and run through the column at 3 mL/min and collected in 10

mL fractions.
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2.5.2.3 Desalt

A (5 x 5 mL) HiTrap Desalt column (Amersham Biosciences) attached to the

ÄKTA Prime was equilibrated in Desalt/MS Buffer (Table 2.1). Lyophilised protein

samples were resuspended in Desalt/MS buffer and were run through the column at

2 mL/min. Fractions were collected manually.

2.6 Biophysical Techniques

2.6.1 Circular Dichroism (CD) Spectroscopy

An Applied Photophysics Chirascan-Plus fitted with a Quantum Northwest tem-

perature controller (JASCO UK) was used to make CD measurements. Protein

samples (10 µM) were made up in CD Buffer (Table 2.1) and loaded into a 1 mm

pathlength quartz cuvette (Hellma Analytics).

2.6.1.1 Units

CD experiments produce a measurement of ellipticity (deg) which can be converted

to the standardised measure of mean residue ellipticity (MRE), with units of deg cm2

dmol−1 residue−1,using equation 2.1. MRE is a measure of the average ellipticity of

individual residues which is useful for the comparison of proteins of varying size or

samples of different concentration.

MRE = θ×106

C.N.l
(2.1)

θ is the ellipticity with the blank subtracted (mdeg); C is the protein concentration

(M); N is the number of backbone amide bonds (number of residues - 1); l is the cell

path length (cm).

2.6.1.2 Protein Secondary Structure

CDNN software can be used to estimate the proportions of different secondary

structure elements present in the protein being investigated. To achieve this, five

scans were performed at room temperature by scanning wavelengths between 190-260

nm with a bandwidth of 1 nm. Data were sampled at a rate of 0.5 s−1. The collected

data were averaged and baseline corrected using a blank measurement before use in

CDNN. This software utilises three neural nets which have been trained on different

databases of protein CD spectra with known structure. All three neural nets are used
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for deconvolution of the secondary structure and the best fit was then selected. This

selection occurs based on the fit which puts the total secondary structure content

closest to 100% whilst using the widest range of possible wavelengths.

2.6.1.3 Thermal Denaturation Experiments

Thermal denaturation of protein samples was investigated by collecting CD spectra

between 190-260 nm at 5oC intervals as the sample was heated between 5oC and

80oC at a rate of 1oC/min. Sample temperature was determined with the ESHU

temperature probe placed inside the sample, in the cuvette.

2.6.2 Mass Spectrometry

The utility of mass spectrometry (MS) in protein research has continually expan-

ded, particularly since the development of electrospray ionisation (ESI) in the late

1980s [152, 153]. This “soft” ionisation technique allows proteins to enter the gas

phase, in vacuo, without fragmentation. Furthermore, conditions may be optimised

to allow the protein to retain a native-like fold upon desolvation via ESI.

The actual folded state of a protein which has undergone ESI is the subject of

debate as there is no evidence to definitively confirm the protein remains structurally

identical to the solution phase; hence the use of the term native-like. The removal

of water as a solvent may have a number of effects on structure depending on the

protein. The effect of hydrophobic packing will be removed due to the lack of solvent

and any electrostatic interactions at the surface between polar or charged side chains

and water molecules will be removed.

A key piece of evidence supporting the retention of protein fold during ESI comes

from the observed charge states. Acid-induced denaturation of a protein was observed

by Konermann et al. by monitoring the charge state distributions observed in ESI

MS [154]. As charge is added at the protein surface during ESI, unfolded proteins

produce higher charge state ions due to their larger surface area. This indicates the

proteins detected with lower charge state distributions must be folded. In addition,

proteins can be shown to have similar binding affinities using ESI titration techniques

to solution phase determination of affinity, supporting the retention of native-like

protein folding [155].

Regardless of the specifics of this ionisation technique, intermolecular interactions

between proteins can survive this process as peaks corresponding to the various charge

states of protein-protein complexes can be observed [156, 157, 158]. The relative ratios
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of bound and free species present in the solution can be maintained in the gas phase.

One key advantage to the use of MS for studies of protein-protein interactions

comes from the ability to investigate the interactions of multiple proteins in the same

sample. Mass differences between proteins make it possible to deconvolute the peaks

which arise from each individual protein and protein-protein complex. This allows

proteins to be studied in a more biologically relevant context where there are multiple

competing binding interactions present within the solution.

2.6.2.1 Data Acquisition

Initial experiments to confirm protein identity and purity were performed under

denaturing conditions using a Bruker Ultraflex III Mass Spectrometer using matrix-

assisted laser dissociation ionisation (MALDI) and a time-of-flight mass analyser.

MALDI was also used to check for degradation of protein samples after storage.

Samples (1 mg/mL in milliQ) were prepared as a 2:1 Super-DHB matrix:protein

mixture.

Native MS experiments were performed between two spectrometers. Initial ex-

periments were performed on a SYNAPT High Definition Mass Spectrometry System

(Waters) using electrospray ionisation and a quadrupole time of flight (qTOF) mass

analyser. Samples (varying concentration) were dissolved in Desalt/MS Buffer (Table

2.1) and were injected into the sample chamber by direct infusion at a flow rate of

5 µL/min using a syringe pump and a 100 µL Hamilton Syringe. The mass spectro-

meter was operated in positive ion mode under the following optimized conditions:

capillary voltage, 2.5 kV; cone voltage, 40 V; trap CE, 8 V; transfer CE, 5 V; backing

pressure, ∼3.8 mbar; trap pressure, 2.1 Ö 10=2. Spectra were acquired between 500

to 4000 m/z for 2 min. Instrument control as well as data processing was performed

using MassLynx� 4.1 software.

The majority of experiments were then performed on a Bruker Impact II Mass

Spectrometer using electrospray ionisation and a quadrupole time of flight (qTOF)

mass analyser. Samples were injected into the sample chamber by direct infusion at

a flow rate of 2 µL/min using a syringe pump and a 500 µL Hamilton Syringe. The

mass spectrometer was operated in both positive and negative ion mode, depending

on the constituents of the sample. Positive ion mode was used under the following

optimized conditions: end plate offset, 500 V; capillary voltage, 3.5 kV; nebulizer

pressure, 0.6 bar; dry gas pressure, 4 L/min; temperature, 150oC. Negative ion mode

was used under the following optimized conditions: end plate offset, 400 V; capillary

voltage, 3 kV; nebulizer pressure, 0.6 bar; dry gas pressure, 4 L/min; temperature,
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150oC. Spectra were acquired between 500 to 3000 m/z for 1 min. Instrument control

was performed and data processing was performed using Bruker software.

2.6.2.2 Data Analysis

Data from competition experiments were analysed by addition of the sum of in-

tensities of peaks corresponding to each species present in the sample; protein only,

peptide only or protein-peptide complex. This allowed the calculation of the ratio of

bound to unbound protein or peptide.

2.6.3 Isothermal Titration Calorimetry (ITC)

ITC allows the key thermodynamic parameters of molecular interactions to be

quantified [159]. This technique has expanded in both utility and popularity and is

now regularly used to define the binding characteristics of protein-protein interactions,

as it was used here [160, 161].

In this method, peptide aliquots were sequentially injected into a protein sample

and the heat change due to their interaction was detected. The calorimeter operates by

maintaning the sample cell at the same temperature as a reference cell. The parameter

that is monitored therefore is the power applied to maintain this reference temperature

in the sample cell. This results in power spikes upon each injection of peptide into the

sample cell. These spikes are integrated and this allows the production of a binding

curve where the energy per mole of injectant is plotted against the molar ratio of the

two proteins in the cell.

Based on this binding curve the number of binding sites on the protein (n), the

binding constant (K), the enthalpy change (∆H), the entropy change (∆S) and the

free energy change (∆G) can be fitted. These values define the strength and nature

of a protein-protein interaction [162].

ITC experiments were performed in ITC Buffer (Table 2.1) at 30°C (unless oth-

erwise stated) on a MicroCal VP-ITC (Malvern). The reference power was set to 5

µcal/sec and the syringe stirring speed was 300 rpm. In each experiment there was an

initial sample equilibration time of 1 hour. 10 µL aliquots of peptide stock solution

were sequentially injected into the ITC cell (containing the protein sample) and the

heat pulse was measured. Blank experiments were also carried out by injection of the

peptide sample into ITC buffer alone; to allow subtraction of the heat of dilution of

the peptide sample. All experiments were carried out in duplicate with the derived

parameters averaged after calculation.
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2.6.3.1 Sample Preparation

Particular care must be taken during the preparation of ITC samples to prevent air

bubbles in the cell. As such, ITC buffer was degassed before being used to resuspend

protein or peptide samples. To ensure sample buffer homogeneity, both peptide and

protein samples were dialysed against the same buffer using a 1kDa MWCO mini

dialysis kit (GE Healthcare). The protein samples were dialysed overnight whereas

peptides were dialysed for 2 hours, both at 4oC. Sample concentration was then

determined using UV spectroscopy before samples were diluted in ITC buffer to the

desired concentration. Despite the presence of free solvent exposed thiols from cysteine

residues of LC3A, LC3C and GABARAPL2, no reducing agents were used in these

samples due to potential issues with baseline alteration.

2.6.3.2 Data Analysis

ITC titration data were analysed using MicroCal Analysis software to determine

the thermodynamic parameters of binding using a global fit standard non-linear least-

squares regression analysis. Initially the blank experimental data were subtracted

before fitting of the data.

The equation used by this software is initially derived by considering the effect of

the increasing volume in the cell after each injection [163]. Due to the total-fill cell the

extra volume injected is outside of the calorimetrically sensed region. So the number

of moles of both the protein and the peptide in the active volume of the cell is diluted

on each injection giving a slightly lower concentration than the hypothetical bulk. A

quadratic equation can be derived by combining two equations; one related to the

binding constant and the number of occupied and unoccupied sites, and the other the

relationship between the bulk and free ligand concentration. Solving this quadratic

and substituting an equation for the total heat content of the solution gives equation

2.2. This allows for the determination of heat content in terms of the number of sites

(n), the binding constant (K) and the enthalpy change (∆H).

Q =
nMt∆HVo

2

 1 +
Xt

nMt

+
1

nKMt

−

√(
1 +

Xt

nMt

+
1

nKMt

)2

− 4Xt

nMt


(2.2)

Mt is the bulk concentration of protein; Vo is the active cell voume; Xt is the

bulk concentration of peptide. This equation is then used to consider the change in
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heat from injection i-1 to i, which is the heat effect that will be observed for the ith

injection. The volume displaced by a given injection is considered to only contribute

50% of a heat effect as the volume remaining in the cell to give an additional term in

the final calculation; equation 2.3.

∆Q(i) = Q(i) +
dVi
Vo

[
Q(i) + Q(i− 1)

2

]
− Q(i− 1) (2.3)

The fitting of experimental data using equation 2.3 involves i) initial estimation of

thermodynamic parameters (n, K and ∆H); ii) inputting thermodynamic parameter

values into equation 2.3 for each injection; iii) comparison of modelled data with

experimentally observed heat effect by calculation of the sum of squared residuals;

iv) alteration of thermodynamic parameters using standard Marquadt methods v)

repeated iterations of steps ii-iv until no further significant reduction in the sum of the

squared residuals occurs. From these fitted thermodynamic parameters the entropy

change (∆S) may also be calculated by first determining the free energy (∆G) with

equation 2.4 which can then be input into equation 2.5; along with the other known

parameters.

∆G = −RTlnK (2.4)

∆S =
(∆H − ∆G)

T
(2.5)

2.6.4 Protein Nuclear Magnetic Resonance (NMR) Spectro-

scopy

Proteins were first analysed by NMR in the 1950s and 60s [164, 165, 166]. 2D

NMR experiments were then published in the 1970s and this advancement along with

technical improvements to spectrometers began to allow the assignment of protein

spectra [167].

This work was extended by the incorporation of NMR-active isotopes, mainly 13C

and 15N, which allowed coupling constants to be more reliably detected. 13C and 15N

atoms are detected at larger ppm ranges than 1H atoms so spreading resonances into

more dimensions with larger ranges led to vastly improved resolution of signals.

Triple resonance experiments were then developed which produce more resolved

spectra which contain more information [168]. This increase in information comes at

the cost of decreased sensitivity compared with 2D experiments.
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NMR experiments were carried out on a Bruker AV(III)800 (Bruker UK Limited,

Coventry) spectrometer with a QCI cryoprobe. Standard Bruker pulse sequences were

used at 298 K. 1D solvent suppression was carried out using excitation sculpting with

gradients whereas all multidimensional experiments used Watergate solvent suppres-

sion. Quadrature detection of indirect dimensions was achieved using States-TPPI

[169].

2.6.4.1 Data Acquisition

NMR samples were prepared by resuspension of lyophilised protein in NMR Buffer

(Table 2.1) before centrifugation (13,000 xg, room temperature) for 10 minutes. Data

acquisition parameters were selected based on the protein concentration of the sample

and the sensitivity of a given experiment, these are outlined in Table 2.7.

2.6.4.2 Data Analysis

Data processing was carried out using Topspin 3.5 and spectra were then analysed

using CcpNmr Analysis 2.4.2 [170]. All data were zero filled by at least a factor of 2

but a larger factor was used in some cases. The degree of zero filling can be considered

as a balance between apparent resolution and file size, as it can be particularly limiting

to use multiple large 3D datasets simultaneously. An exponential window function

was used for processing 1D experiments whereas a shifted squared sine bell window

function was used for multidimensional experiments. The offset was optimised for each

experiment individually. For some experiments, forward linear prediction of complex

data along particular heteronuclear dimensions was employed. This was optimised for

each experiment individually by considering whether there is an apparent increase in

resolution and whether this outweighs the increase in file size and signal-to-noise.

Backbone N-H assignment of GABARAPL2 (1H, 15N for 52% of non-prolyl

residues) was carried out via a series of 3D experiments to confirm a published

assignment [171]. The assignment was achieved here using a combination of 2D

and 3D experiments (1H-15N-HSQC, HNCO, HN(CA)CO, HNCA, HNCACB and

HN(CO)CACB) [172, 173, 174, 175]. Despite full backbone assignment not being

achieved, as all assignment work confirmed the previous work the remaining assign-

ment of Ma et al was used in the data analysis for titration experiments.

The 1H-15N-HSQC was the key experiment used in the protein backbone assign-

ment here as this experiment shows the backbone N-H signals which were to be

assigned along with some distinguishable side chain N-H shifts. These non-backbone
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N-H signals came predominantly from tryptophan Nε-Hε, asparagine Nδ-Hδ2 and

glutamine Nε-Hε2 groups. To carry out the backbone assignment, all peaks in the 1H-
15N-HSQC were picked and assigned an arbitrary number. Asparagine and glutamine

side chain N-H signals were identified as they result in two peaks at the same nitrogen

but differing hydrogen shifts in a particular region of the spectrum. Tryptophan side

chain N-H signals are less clear however they typically have a high 1H ppm value res-

ulting in them being in an otherwise clear region of the spectrum. 13C chemical shifts

for CO, Cα and Cβ nuclei were then assigned to each 1H-15N-HSQC peak from the

various 3D experiments, representing a defined spin system with an arbitrary number.

Backbone assignment was then carried out using standard sequential assignment

methods by using pairs of related experiments; in this case these were HNCO/HN(CA)-

CO and HNCACB/HN(CO)CACB experiments. The magnetisation transfer of these

experiments are illustrated in Figures 2.11 and 2.12. Here we see that in each pair of

experiments one can be used to identify the i-1 13C peaks of a given spin system and

the other gives the peaks corresponding to both the i-1 and i residue. This allows the

sequential walking through the sequence by correlation of these 13C shifts.

The sequential assignment was then carried out using an iterative method. Ini-

tially non-ambigious sequential links were found using HNCACB/HN(CO)CACB ex-

periments. These were considered tentative links. Sequential links were then found

in the HNCO/HN(CA)CO experiments. Any initial tentative links which were sup-

ported by the HNCO/HN(CA)CO experiments could then be considered confirmed

links. By alternating between scans through each experiment type, assignment of

some links led to previously ambigious links becoming clear. This was iterated until

no further sequential assignment could be achieved with confidence.

The next step involved identifying the distinguishing characteristics of some residues

which allow assignment of amino acid type to a spin system. For example, glycine

has a characteristic Cα chemical shift and no Cβ shifts. Comparison of a string of

sequentially linked residues where some spin systems have been assigned an amino

acid type to the sequence of the protein then allowed assignment to specific residues

in the protein sequence.

Titration experiments with unlabelled peptide were conducted at 298 K by col-

lecting 1H-15N-HSQC spectra of 15N-hAtg8 proteins. CcpNmr Analysis was used to

follow shift changes during titration experiments. This allows the magnitude of peak

shift in the 1H-15N-HSQC to be calculated and the chemical shift perturbation (CSP)

to be plotted for each residue and used for further analysis. CSP values for each

residue were calculated using equation 2.6 [176].
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Figure 2.11: Schematic illustrating the magnetisation transfer during HNCACB (top
panel) and HN(CO)CACB. Arrows indicate flow of magnetisation. The shifts of nuclei
in green boxes are observed whereas the magnetisation simply flows through nuclei in
blue boxes. In both experiments the amide proton is used for detection.
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Figure 2.12: Schematic illustrating the magnetisation transfer during HNCO (top
panel) and HN(CA)CO. Arrows indicate flow of magnetisation. The shifts of nuclei
in green boxes are observed whereas the magnetisation simply flows through nuclei
in blue boxes. In these experiments the magnetisation starts on amide proton before
transfer to subsequent nuclei before returning to the amide proton for detection.
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∆δHSQC =

[
1

2

[
∆δ2H +

(
0.14×∆δ2N

)]] 1
2

(2.6)

∆δHSQC is the CSP (ppm); ∆δH is the shift in the 1H dimension (ppm); ∆δN is

the shift in the 15N dimension (ppm).

In the cases where peaks could not be clearly followed through the titration to

their end point, due to slow exchange behaviour, a minimum chemical shift procedure

was used [177, 178]. This simply involves identifying the closest unassigned peak

in the bound 1H-15N-HSQC spectrum and assuming that this is the minimum shift

possible for the given peak. Shifts were then considered to be significant if the CSP

was greater than a threshold value determined by Equation 2.7.

Threshold ≥ µ + xσ (2.7)

µ is the population mean and σ is the standard deviation. In this equation x=2

for the highest significance threshold and x=1 for the lower significance threshold.

CSP values from the final titration point were used for this analysis.

CSPs observed can also be used to determine the binding affinity of an interaction

using the CcpNmr analysis software. This produces a plot of the CSP at a given

titration point versus the peptide:protein ratio. The plotted values are then fit to

Equation 2.8 to determine a KD value.

y = A
[
(B + x) −

(
(B + x)2 − 4x

) 1
2

]
(2.8)

A =
Maximum CSP

2

B =
1 + KD

[Protein]

x =
[Peptide]

[Protein]

y = CSP
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2.6.5 UV Spectroscopy

Both DNA and protein concentrations were determined by measurement of UV

absorbance at characteristic wavelengths. A NanoDrop ND-1000 Spectrophotometer

was used to measure absorbance of DNA samples at 260 and 280 nm and protein

samples at 280 nm. Protein extinction coefficients were estimated, based on their

sequence, using the online ExPASy Prot Param server [179].

UV spectroscopy was also used to provide a measure of DNA purity by looking

at the ratio of absorbances at various wavelengths. The 260/280 nm ratio was the

primary ratio used to investigate purity, with a ratio above 1.8 deemed acceptable.

Additionally, a 260/230 nm ratio in the range of 2.0-2.2 was expected for a pure DNA

sample. DNA samples which did not meet these criteria were discarded.
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Chapter 3

Protein Expression and

Purification

3.1 Protein Constructs

The protein-protein interaction studies in this work required the production of

the six hAtg8 proteins. Plasmid DNA samples were supplied by Dr. Jed Long which

correspond to the full length hAtg8 proteins in their unprocessed form. The desired

DNA sequence which was translated into the protein of interest had been cloned into

the pGEX-4T-1 plasmid. The choice of this construct is discussed here as well as the

implications of that choice.

Due to the selected pGEX-4T-1 plasmid, the hAtg8 proteins were expressed with

an N-terminal glutathione S-transferase (GST)-tag followed by a thrombin cleavage

site before the sequence of the protein of interest. Thrombin recognises the amino acid

sequence LVPRGS and selectively cleaves the amide bond between the arginine and

glycine residues. Therefore, the proteins after thrombin cleavage to remove the tag

have an N-terminal extension of Gly-Ser. This small extension was deemed acceptable

due to the utility of the GST-tag for protein purification and because it was unlikely

to cause significant changes in the structure or function of the proteins.

In addition to this N-terminal extension, the residues at the C-terminus of these

constructs may be considered. The first step in the lipidation reaction of hAtg8

proteins, which leads to their addition to the autophagosomal membrane, involves the

removal of a C-terminal stretch of the protein. This exposes a glycine residue with

a free carboxylate group which is the site where the protein is eventually tethered to

the PE class of phospholipids. The hAtg8 constructs produced and used in this work
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retained the C-terminal residues after this glycine. hAtg8 proteins at this stage in the

autophagic process are sometimes referred to as pro-LC3.

The potential issue from using this construct is that it may not represent the form

of the protein most relevant to the interaction with p62, which is the focus of this

thesis. The lipidated form of the hAtg8 proteins attached to the membrane would

be the most relevant as this is the context in which the hAtg8-p62 interaction occurs

during autophagy in vivo. However, there are factors which can be considered to

support the use of a full length, non-lipidated construct within this work.

Based upon the LC3B-p62 AIM structure shown in Figure and other known hAtg8-

AIM structures, the region of the hAtg8 proteins which interacts with the AIM of p62

is distant from these extra C-terminal residues so their presence or absence may be

irrelevant. It is possible however that the lipidation of hAtg8 may affect the overall

structure of the protein. If this is the case though then having some bulk attached

to this glycine may mimic the bulk of the PE. This may allow the C-terminal tail

on the pro-LC3 construct used here to be representative of the phospholipid attached

to the protein in vivo. This bulk would not be present if a construct with the free

C-terminal glycine were utilised.

Finally, characterisation of the interaction strengths of membrane bound proteins

was considered likely to produce less informative results than the untethered protein

used here as the same techniques could not be used on both systems. For example,

the biophysical characterisation of free proteins can be done using solution NMR

whereas it is likely that solid state NMR would be required for the membrane bound

protein. One of the key differences between these techniques is the lower sensitivity

and resolution of solid state compared with solution NMR. Additionally, there are

significant challenges involved in the use of ITC in the study of membrane bound

protein. As it has been previously shown that the difference in binding affinity between

the LC3B-WT p62 AIM and LC3B-L341V p62 AIM interactions is threefold, it was

expected that other relevant differences in this study may be equally small and thus

the sensitive techniques used here are required to observe these potentially slight

differences. The following two sections detail the expression and purification of the

hAtg8 constructs required for this biophysical characterisation.

3.2 Protein Over-expression

These proteins were produced using a conventional E. coli over-expression method-

ology due to its ease of use. The suitability of this system was initially tested and
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Figure 3.1: SDS-PAGE gel showing the expression test of LC3B highlighting the
protein band that appears over time which corresponds to the protein of interest. This
shows the solubility of the protein as the bands in the total and soluble lanes of each
time point appear to have an equal density. It also illustrates the tightly controlled
expression of this protein as no protein is observed before addition of IPTG. Lane
loading: M) Markers 1) Uninduced total lysate 2) Uninduced soluble lysate 3) Total
lysate 2 hours after induction 4) Soluble lysate 2 hours after induction 5) Total lysate
4 hours after induction 6) Soluble lysate 4 hours after induction 7) Total lysate after
overnight induction 8) Soluble lysate hours after overnight induction.
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the results are described here. The supplied stocks of the pGEX-4T-1 plasmid with

hAtg8 insertions were confirmed to contain the desired DNA insert by sequencing.

Plasmid DNA from each construct was then transformed into BL21 (DE3) chemically

competent E. coli cells. Small scale expression tests of these constructs were carried

out in a range of conditions.

Figure 3.1 shows an expression test for LC3B as an example where the protein

was well expressed after IPTG induction (1 mM) at 18°C overnight, which were the

optimum conditions found for both yield and solubility of the protein. This SDS-

PAGE gel shows a clear expression band which appears over time and runs at a similar

rate through the gel to the 40 kDa marker. This was expected for the GST-tagged

LC3B fusion protein which has a predicted mass of 40998.6 Da. This also shows that

the protein of interest was not being expressed at observable concentrations before

IPTG induction i.e. there is no ‘leaky expression’. It was also clear that overnight

expression produces the highest quantity of protein, compared to the other time points

tested, as this appeared to have the most intense protein band.

By comparison of the amount of a protein present in the total and soluble fractions,

the solubility of a protein under the given conditions can be evaluated. The total

fraction contains all of the cell lysate whereas the soluble fraction is collected after

centrifugation of this lysate to remove larger debris. Therefore, if a more intense

band is observed in the total fraction than for the soluble fraction there must be some

protein involved in larger insoluble aggregates which are removed by centrifugation.

Reduction of insoluble protein aggregates will allow for increased protein yield. As

there appeared to be equal amounts of the protein of interest in the total and soluble

fractions when run on an SDS-PAGE gel it can be surmised that expression of insoluble

protein was negligible. This data is representative of the expression tests for all six

hAtg8 proteins and as such these expression conditions were used for all six hAtg8

proteins produced in this work.

3.3 Protein Purification

Purification of the proteins from cell lysate was a three-step chromatographic

process; affinity chromatography then ion exchange (IEX) chromatography and finally

size exclusion (SEX) chromatography. Glutathione Sepharose 4B beads were used for

the affinity chromatography step. These are cross-linked agarose beads presenting a

glutathione ligand which can bind with high affinity to GST. This allows the selective

capture of GST-tagged protein from crude cell lysate.
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Figure 3.2: SDS PAGE gel showing the contents of the sample at various stages of
the purification of LC3A. Lanes 1-4 illustrate the expression of the protein before
incubation with Glutathione Sepharose 4B beads. The proteins which bind to the
beads are shown in lane 5. The beads are then incubated with thrombin which cleaves
off the GST tag, leaving it bound to the beads as shown in labe 6. The sample eluted
from this affinity column and which is applied to the IEX column is shown in lane 7.
The final purified protein sample is shown in lane 8.

Figure 3.2 shows the purification steps for GST-tagged LC3A as an example which

is representative of the process for all six hAtg8 proteins. This shows the protein

content of samples at the various stages throughout the purification, separated and

visualised on an SDS-PAGE gel. Lanes one and two show cell lysates from before

the over-expression of protein was induced, highlighting the lack of ‘leaky expression’.

The GST-LC3A fusion protein can then be seen in the cell lysate in lanes three and

four after IPTG induction, lane three is the total fraction and lane four is the soluble

fraction. This prominent band in lanes three and four runs close to the 40 kDa protein

marker, as expected due to the predicted GST-tagged protein mass of 40583.03 Da.

This cell lysate is then incubated with Glutathione Sepharose 4B beads and sub-

sequently washed, which concentrates the protein and removes substantial impurities,

as shown in lane five. Overnight incubation with thrombin then cleaves the majority

of the bound protein leaving the tag on the beads, shown in lane six. This allows the

desired protein to be eluted from the beads. The two largest bands in lane six corre-

spond to the GST-LC3A protein which has not been cleaved and the GST tag on its

own after cleavage which remains bound to the beads. Lane seven shows the sample

eluted from the beads after cleavage, this is a substantially purer protein sample but
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Protein Theoretical pI

LC3A 8.75
LC3B 8.90
LC3C 9.15

GABARAP 8.75
GABARAPL1 8.69
GABARAPL2 8.00

Table 3.1: Theoretical pI values for the hAtg8 proteins calculated using the EXPASY
Prot Param server from their sequence. This value is useful in determination of
protein charge in relation to the pH of the buffering solution.

some impurities are still present.

Fast protein liquid chromatography (FPLC) was then used for the two remaining

chromatographic steps in the purification. In this technique, an aqueous buffer mobile

phase is passed over a solid resin matrix stationary phase inside a plastic column.

The residence time of sample components through the column and subsequently the

separation of sample components is affected by several properties. The two key protein

properties utilised for separation in this work are size and charge.

IEX chromatography allows the separation of proteins within a sample on the

basis of their charge. Protein charge is affected by the pH of the buffer they are in as

proteins in different protonation states have varying charges. For this technique the

solid resin matrix carries a charge due to functionalisation by a variety of ligands. In

this purification the resin was functionalised with sulfopropyl (SP) groups to produce

a negatively charged matrix which bound positively charged species. In Ion Exchange

Buffers A and B (see Table 2.1), which have a pH of 7, proteins with an isoelectric

point (pI) above 7 were positively charged and therefore bound to the negatively

charged stationary phase.

The estimated pI values of the hAtg8 proteins are shown in Table 3.1, predicted

based on their sequence using the EXPASY Prot Param server. The values for the

six hAtg8 proteins are all above 7 so an SP column was used for them all. In addition

to ensuring the pI value is above the pH of the buffer to produce a positively charged

protein, the pI must also be significantly different from the pH. This is important as

proteins in buffers with a pH close to their pI value will have reduced solubility in

water due to a lack of surface charge. Typically, the pH and pI values are different

by at least one to ensure there is a charge present as the calculation of pI based on

sequence is prone to error and this ensures significant difference.

The protein sample eluted from the Glutathione Sepharose 4B beads after cleavage
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Protein Theoretical Mass Measured Mass

LC3A 14416.6 14363.9
LC3B 14832.2 14834.7
LC3C 16995.7 16921.5

GABARAP 14062.2 14023.9
GABARAPL1 14188.2 14117.4
GABARAPL2 13810.0 13739.9

Table 3.2: Summary of the theoretical and measured masses of the hAtg8 proteins.

was applied to the SP column and then washed. All of this was done in buffer with

low conductivity to ensure protein binding to the functionalised beads. Protein bound

to the matrix was then eluted used a salt gradient as the increasing ionic strength of

the mobile phase decreases the interaction between protein and the stationary phase.

Lane eight in Figure 3.2 shows a pure LC3A sample after gradient elution from an

SP column, where fractions have been combined and concentrated.

SEX chromatography separates proteins on the basis of their size by utilising a

porous resin stationary phase. The separation occurs as smaller molecules can enter

the pores in the resin whereas larger molecules are more likely to be excluded. Smaller

molecules therefore have a longer residency time in the column as they travel a longer

distance and as such are eluted later than larger molecules. The principle of SEX was

used here for buffer exchange as the protein in a sample flows through with a shorter

residency time than the smaller buffer and salt molecules in the sample, exchanging

the protein into the buffer which has been used for the mobile phase. An ammonium

acetate buffer (Desalt/MS Buffer, see Table 2.1) was used as the mobile phase here as

this allows all buffer to be removed by repeated lyophilisation. This occurs due to the

volatility of ammonium acetate. This produced a protein sample, devoid of buffer or

salt, as a solid which can be resuspended into any desired buffer for the experiments

to follow in this thesis.

Matrix-assisted laser dissociation ionisation (MALDI) MS was used to confirm

protein identity and purity after the purification process described above [180]. These

spectra are shown for all six hAtg8 proteins, after resuspension in water, in Appendix

Figures A.1-A.6. These spectra show a single pure protein in varying charge states;

with 1+, 2+ and 3+ states observed depending on the protein. The observed mass

of these proteins showed some difference from the expected mass as shown in Table

3.2. However, they are within the error of the machine and still represent the correct

protein as supported by sequencing of the plasmid DNA and subsequent tracking

of the protein by SDS PAGE gel. This was also supported by further MS work to

60



follow, which gives a more accurate measurement of protein mass. MALDI MS also

confirmed the low salt concentration of these samples as there were few salt adduct

peaks observed. The proteins were therefore considered to be of sufficient purity for

use in further experiments.

3.4 CD and NMR Spectroscopy

Circular dichroism (CD) spectroscopy was used here to investigate the folding of

the hAtg8 proteins after lyophilisation and resuspension. The technique is based on

the differential absorption of circularly polarised light (CPL) by optically active, chiral

molecules. CD has been used extensively in the study of proteins, as well as other

biological macromolecules. Proteins are optically active as 19 of the 20 commonly

occurring natural amino acids possess a chiral centre at their Cα.

More importantly here, the secondary structure of a protein leads to further asym-

metry which will lead to further differential absorbance of CPL. This occurs because

proteins undergo two key quantum transitions upon absorption of light by the amide

group; n→pi∗ and pi→pi∗. These transitions are dependent on the ϕ and ψ angles

present in the protein which are themselves indicative of particular secondary struc-

ture. This means the CD spectrum of a protein is not simply the sum of its individual

residues. For this reason, CD spectra recorded in the far-UV (190-260 nm) can be

used to estimate the amount of the various secondary structural elements which are

present in a folded protein. The characteristic spectra of “pure” secondary structural

elements are shown in Figure 3.3.

Figure 3.4 shows the CD spectra of the six hAtg8 proteins after resuspension of

lyophilised sample in CD Buffer (see Table 2.1). Visual inspection of the line shapes

can be useful here. Initially, it was clear that all proteins investigated have some non-

random coil secondary structure present due to differential absorbances occurring at

wavelengths of light other than the minimum at around 200 nm typical of a random

coil. This can be considered indicative of folded protein samples.

There was variation between the proteins in the line shape of their spectra which

is indicative of some degree of differing structure. The line shape for each protein is

more related to those for proteins in the same subfamily than to those in the other

subfamily. There is also some variation within each subfamily. The LC3 proteins all

show a similar line shape but all three appear to show some differences. Within the

GABARAP subfamily, GABARAP and GABARAPL1 have a similar line shape with

GABARAPL2 showing more substantial differences.
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Figure 3.3: CD spectra as reference of the absorbances which correspond to each of
the “pure” secondary structural elements taken from Ref. [2].

Figure 3.4: CD spectra of the hAtg8 proteins to show that some structural fold
is present for all proteins. This also highlights the similarities within each of the
subfamilies in terms of line shape and therefore secondary structure.
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LC3A LC3B LC3C

CDNN Predicted CDNN Predicted CDNN Predicted
α-helix 40% 31% 29% 29% 19% 25%
β-strand 17% 20% 20% 21% 18% 20%

GABARAP GABARAPL1 GABARAPL2

CDNN Predicted CDNN Predicted CDNN Predicted
α-helix 31% 32% 33% 34% 28% 33%
β-strand 24% 22% 20% 23% 23% 22%

Table 3.3: Proportion of secondary structural elements present in the hAtg8 proteins
as calculated from CD data by CDNN compared to the expected values based on
structures from the PDB.

Estimation of the proportion of each secondary structural element present in a

protein was carried out from this data using CDNN software. This is done using

neural nets which have been trained using machine learning against three different

databases of CD spectra with corresponding structures from X-ray crystallography

or NMR experiments. The results of this calculation for each hAtg8 protein and the

predicted values based on their structures from the PDB are shown in Table 3.3.

For each protein, the proportion of helix and beta sheet was roughly similar to that

present in the crystal structure. There are some clear differences in these CD-derived

and structure-derived values though. For example, the largest discrepancies occur for

LC3A. These CDNN results roughly confirm what was observed by simply looking at

the line shape of the spectra in terms of inter- and intra-subfamily variation.

CD spectroscopy is also useful for the investigation of protein stability as the

spectrum can be measured at different environmental conditions such as temperature,

pH or denaturant concentration. This allows the denaturation of the protein structure

to be monitored as conditions are incrementally changed. Temperature was used as

the measure of stability in this work. Figure 3.5 shows the CD thermal denaturation

experiments for the hAtg8 proteins. A full scan CD spectrum was collected roughly

every 5°C as the sample was heated from 5 to 75°C. In general, these spectra show

that as the temperature was increased the magnitude of the various peaks decreased

as well as some changes in the line shape, indicative of some structural transition of

the protein. As with the room temperature line shapes of the spectra, the character

of the melt was most similar among proteins in the same subfamily. For example, the

shift in line shape for GABARAP and GABARAPL1 throughout the melt appears to

be of a similar character.

The melting transition of the proteins can be further characterised by plotting the
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Figure 3.5: CD spectra of the hAtg8 proteins at varying temperature throughout a
thermal denaturation experiment. This allowed comparison of the melting transition
of the proteins.
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Figure 3.6: Melt curves of the hAtg8 proteins derived from CD thermal denaturation
experiments which allow calculation of Tm values.

mean residue ellipticity (MRE) value for a selected wavelength over the course of the

experiment. These melt curves can be seen in Figure 3.6 by following the MRE value

for each protein at 210 nm. This wavelength was selected to follow the transition

as it is the wavelength at which the MRE shifts the most for these proteins so this

provides the clearest picture of the melt. Again, these curves are best considered in

their respective subfamilies. The melting transitions observed for the LC3 subfamily

show highly similar melts for LC3B and LC3C with that for LC3A occurring at a lower

temperature. The Tm values for LC3A, LC3B and LC3C were determined by fitting

of the curves as 51.4, 57.2 and 57.2°C respectively. For the GABARAP subfamily

it is GABARAP and GABARAPL1 which have the most similar melt curves with

the melting transition for GABARAPL2 occurring at a lower temperature. The Tm

values for GABARAP, GABARAPL1 and GABARAPL2 were determined by fitting

of the curves as 67.1, 69.8 and 56.0°C respectively.

NMR spectroscopy was also a useful tool for this initial protein characterisation.

1D 1H NMR spectra of proteins suffer from a lack of resolution due to the low ppm

range of the technique and the substantial number of signals which are detected. De-

spite this lack of resolution, 1D spectra may be used for some preliminary assessment

of the structure of proteins. Folded proteins will typically show well dispersed peaks,

this is particularly noticeable in the amide proton region of the spectrum that is typ-

ically from around 6 to 9 ppm in a 1H spectrum. There may also be some upfield
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Figure 3.7: 1H NMR spectrum of LC3A which shows indications of folded protein
structure. This folding is implied by upfield shifted methyl signals and a broad dis-
tribution of the amide proton peaks which are highlighted by the zoomed-in sections
of the spectra.

shifted methyl groups which appear at ppm values below 0. This occurs due to the

packing of the protein which can result in ring current effects on methyl groups. So

1D 1H NMR is a useful initial test for protein folding.

Figure 3.7 shows the 1D 1H NMR spectrum of LC3A when resuspended in NMR

Buffer (see Table 2.1) as an example spectrum with features representative though

differing from those observed for the remaining hAtg8 proteins. The spectrum shows

a broad distribution of peaks in the amide region and there are two upfield shifted

methyl peaks occurring at -0.19 and -1.05 ppm. This suggests the sample contains

folded protein. The other spectra show a distribution of amide peaks and upfield

shifted methyl peaks and as such are also considered to be folded. The spectra for

the other five hAtg8 proteins are shown in Appendix Figures A.7-A.11.

3.5 Discussion

The six hAtg8 proteins to be studied were shown to express well in the E. coli

BL21 (DE3) system; with high yield and no issues with solubility under the stated
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conditions. A purification method involving affinity, IEX and SEX chromatography

was shown to effectively purify these proteins from cell lysate, as confirmed by MALDI

MS experiments.

The hAtg8 proteins produced CD spectroscopy line shapes indicative of the pres-

ence of varying secondary structural elements, implying they are folded. The vari-

ability in line shape and therefore calculated secondary structure was broadly similar

amongst proteins in the same subfamily. The 1H NMR spectra of the proteins also

support the assertion that these proteins are folded.

The utility of the CDNN software for secondary structure calculation was perhaps

questionable here. The data analysis process is open to interpretation and therefore

open to error and bias. As each of the three different neural nets produce often

substantially different values it is not always clear which is the true representation of

the protein. Calculation of the proportion of secondary structure present should not

be based purely on data from this technique but it can be used to suggest the folding

state of a protein. In general the values produced by CDNN can be seen as close

enough to the predicted values to indicate these proteins are natively folded after

lyophilisation and resuspension. Variation in this data may be due to error in the

technique or potentially due to actual variations between the structure as observed

as a solid (X-ray crystallography) or in solution (CD spectroscopy).

The values for the Tm calculated using this technique can be compared to Ub

as these proteins have a Ub core as part of there structure. Ub had been previously

shown to have a Tm of 64°C and the Tm for the hAtg8 proteins as measured here

ranged from 51.4 to 69.8°C [181]. These variations will be representative of the effect

of the two N-terminal helices of hAtg8 proteins and the differences in the particular

residues of the proteins despite them producing similar overall folded structure.

The totality of this CD data and the structures from x-ray crystallography show

that although the differences in hAtg8 sequence produce proteins with a similar overall

fold, the variety in sequence leads to small alterations in the secondary structure

elements and stability. These small variations in structure are likely to contribute to

the presumed difference in roles of the protein by modulation of their interactions.

In conclusion, the proteins produced here were pure in terms of both the lack of

other proteins and buffer components. The proteins were stored as lyophilised samples

which were resuspended when required. The proteins were considered to be folded to

their native state when resuspended after lyophilisation, according to CD and NMR

studies. As such the samples produced as described in this chapter were utilised for

the further biophysical analysis of their interactions in the following chapters.
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Chapter 4

Biophysical Characterisation of the

hAtg8-p62 AIM Interaction

4.1 Introduction

The divergent evolution of six hAtg8 proteins from the single Atg8 protein found

in yeast has often been considered to imply some functional specialisation of the

hAtg8 proteins [182, 183]. As Atg8 in yeast is involved in a number of separate steps

within the overall process of autophagy it is likely that hAtg8 proteins have evolved

some specialisation for these roles [184, 183, 29, 52]. Due to the differing amino acid

sequences and therefore the surface variation at the binding patch, these proteins

interact with different autophagy receptors and adapters with varying affinity [40,

50, 51, 185]. Linking particular hAtg8 proteins to specialised roles within autophagy

through the discovery of selective interactions is a prominent avenue of research.

The hAtg8-p62 interaction is central to the selective recruitment of cargo to the

autophagosome as well as allowing p62 to function as a scaffold for membrane ex-

pansion. The work in this chapter determined the binding affinities for each of the

hAtg8 proteins interacting with the WT p62 AIM peptide; to investigate their relative

binding selectivity. The thermodynamics of these interactions were also used to gain

some insight into the differences amongst the protein-peptide interactions. Biophys-

ical techniques were selected to determine relative and absolute binding affinities of

these interactions.
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4.2 Investigating p62 binding preference among the

hAtg8 proteins

Experimental use of full length p62 presents issues in terms of expression and

solubility which arise due to the oligomerisation of the protein via its PB1 domain

[59]. As such the full length protein was not used in this study, instead a peptide was

synthesised which is representative of the p62 AIM. A number of AIM sequences from

various autophagy related proteins are shown in Figure 4.1. This sequence alignment

highlights the core motif and the prevelance of the acidic residues preceding this

motif. These acidic residues are mostly present in the previous three amino acid

residues though some AIM domains do not present any. From this overview of the

AIM sequences it was possible to select a p62 AIM construct which contained all of

the conserved AIM components.

ATG4B 1 ---MDAATLT Y DT L RFAEFEDFPE 21

Calreticulin 190 QVESGSLEDD W DF L PPKKIKDPDA 213

DVL2 434 ESGLEVRDRM W LK I TIPNAFLGSD 457

FUNDC1 8 PQDYESDDDS Y EV L DLTEYARRHQ 31

FYCO1 1270 TDYRPPDDAV F DI I TDEELCQIQE 1293

JMY 3 FALEETLESD W VA V RPHVFDEREK 26

KBTBD6 658 GSSSSLSDDF W VR V APQ------- 674

OPTN 168 LNSSGSSEDS F VE I RMAEGEAEGS 191

p62 328 SDNCSGGDDD W TH L SSKEVDPSTG 351

PLEKHM1 625 QKVRPQQEDE W VN V QYPDQPEEPP 348

NBR1 722 QSQSSASSED Y II I LPECFDTSRP 745

NDP52 123 FQFRPENEED I LV V TTQGEVEEIE 146

NIX/BNIPL3 26 LPPPAGLNSS W VE L PMNSSNGNDN 49

ULK1 347 SKDSSCDTDD F VM V PAQFPGDLVA 370

Figure 4.1: Alignment of AIM sequences from selected proteins. Residues in the
aromatic position are highlighted in green, residues in the hydrophobic position are
highlighted in yellow and acidic residues preceding the motif are shown in red.

The peptide construct was selected to include the core [θ]-x1-x2-[τ ] motif of the

AIM as well as a number of surrounding residues which may be involved in the inter-

action; particularly a number of preceding acidic residues. This construct was also se-

lected to include the serine residue at S342 which has been shown to be phosphorylated

by TBK1 to facilitate comparative work with this site. As such the p62 AIM peptide

sequence used incorporated the residues from S332 to S343; SGGDDDWTHLSS. The

selected sequence of the WT p62 AIM peptide was shown in Figure 2.9. A peptide
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which has been extended at the C-terminus beyond the residues used here was sug-

gested to show no additional significant binding interactions to LC3B in an NMR

study [1].

4.2.1 Mass spectrometry

Native-like ESI MS was utilised to investigate the relevant protein-peptide interac-

tions in this work. In the spectra produced by this technique, proteins were observed

across a range of charge states at different m/z values so these peaks must be summed

to measure the amount of a protein in solution. The summed intensity of peaks result-

ing from proteins and their complexes can be quantified to produce the ratio of bound

to free protein in the solution. This ratio can then be compared among proteins in the

solution to investigate binding selectivity. In this chapter, the potential selectivity of

the p62 AIM among the hAtg8 proteins was investigated. These experiments involved

equimolar mixtures of hAtg8 proteins being titrated with the WT p62 AIM peptide.

Unfortunately, using all six hAtg8 proteins in a single set of titration experiments

was not possible due to congestion in the spectrum leading to overlapping peaks.

Peaks with similar m/z values became indistinguishable when the sample contained

all six proteins and therefore quantification of the individual species became challeng-

ing. The example which most clearly illustrates this is the comparison of LC3B and

GABARAPL2. GABARAPL2 in its 6+ charge state has a predicted m/z value of

2301.83 and the complex of LC3B bound to the p62 WT AIM peptide in its 7+ charge

state has a predicted m/z value of 2301.17. As these charge states are both detected,

the intensities of these peaks are summed and deconvolution is not possible.

The resutling peak which occurs due to the detection of ions from both species

is highlighted in the spectrum shown in Figure 4.2. This is the ESI MS spectrum

of an equimolar mixture of LC3B, GABARAPL2 and the WT p62 AIM peptide (all

at 10 µM) which shows the most intense peak in the spectrum at an m/z value

corresponding to these two ions. Therefore, quantification of the sum of intensities

for each species could not be performed.

There are also other examples of ions with similar m/z values, though not as similar

as this, which result in peaks where deconvolution of intensities would be challenging.

To solve this problem the two hAtg8 subfamilies, LC3 and GABARAP, were titrated

in separate experiments as these produced spectra which could be readily quantified.

Figure 4.3 shows two titration points from this experiment for the LC3 subfamily.

This shows the three LC3 proteins in the left-hand spectrum (all at 10 µM) and
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Figure 4.2: ESI MS spectrum of a sample containing LC3B (10 µM), GABARAPL2
(10 µM) and the WT p62 AIM peptide (10 µM). The peak framed by a red box
corresponds to two separate species (GABARAPL2 6+ and LC3B-WT p62 AIM 7+)
which occur at similar m/z values and their intensity is therefore summed.
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then the right-hand spectrum is from a sample with the same concentration of LC3

proteins after the addition of WT p62 AIM peptide (20 µM). Three observations

which were made from these spectra were that the most intense peak in the spectrum

after the addition of peptide corresponds to the LC3B-AIM peptide complex. It was

also observed that the unbound LC3C peaks remain at a higher intensity than those

for LC3A and LC3B. Finally, the peaks observed in this spectrum correspond only to

1:1 protein:peptide complexes; no multicomponent species were observed.

Figure 4.4 then shows a section of the same spectra between 2350 and 2800 m/z

from the LC3 protein only and the 20 µM peptide samples to highlight the change

upon addition of the peptide. From this the relative ratio of the unbound proteins

can be observed as well as the appearance of the bound peaks and their relative

intensities. This shows that the peaks corresponding to unbound LC3A and LC3B

decreased relative to LC3C upon addition of the peptide. This was most pronounced

for LC3B which showed a greater than threefold reduction in intensity. However,

interpreting these experiments with multiple proteins and their complexes in multiple

charge states by eye is clearly challenging.

To aid in visualisation and interpretation of these results the intensities of the

peaks for each charge state of a protein or protein-peptide complex were summed

and a ratio of bound to free hAtg8 was calculated. By plotting these values for each

titration point, as shown in Figure 4.5A, a clearer picture of the results emerged. This

showed that at each titration point the ratio of bound to free LC3B was higher than

for the other LC3 proteins. The calculated ratio for LC3C was significantly lower

and the LC3A ratio was intermediate between these two though considerably closer

to the values determined for LC3B. The clearest difference in these calculated ratios

occured for the final titration points where LC3B had a bound to free ratio of 4.3,

LC3A had a ratio of 3.2 and LC3C had a ratio of 0.3. LC3B was therefore considered

to be selectively targeted to some degree by the WT p62 AIM peptide among the

LC3 subfamily, although the degree of selectivity between LC3B and LC3A may not

be large.

The results from the equivalent experiment on the GABARAP subfamily, carried

out and analysed by the same methods as for the LC3 subfamily, are shown in Figure

4.5B. Spectra from the beginning and an intermediate point of this titration are also

shown in Figure 4.6. As for the LC3 subfamily, no multicomponent species were

observed. This data has shown that the ratio of bound GABARAPL1 to unbound

was the highest at all titration points, indicating some level of binding preference. In a

similar pattern to the LC3s, GABARAP appeared to be bound slightly less but there
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Figure 4.5: Graphs showing the results of the ESI-MS competition experiments as the
p62 WT AIM is titrated into an equimolar sample of the hAtg8 proteins to compare
binding within each subfamily. Top graph (A) is for the LC3 subfamily and the
bottom graph (B) is for the GABARAP subfamily, showing a preference for LC3B
and GABARAPL1 respectively.
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did not appear to be a large difference in selectivity between the two. GABARAPL2

was observed to have the lowest ratio of the GABARAP subfamily to the WT p62

AIM peptide. The ratios for the proteins at the highest peptide concentration tested

illustrate this; GABARAP had a ratio of 7.2, GABARAPL1 had a ratio of 9.7 and

GABARAPL2 had a ratio of 2.0.

A further ESI MS competition experiment of this type was carried out to compare

the relative affinities of these two subfamilies for the WT peptide. In this titration

series the WT p62 AIM peptide was titrated into an equimolar mixture of LC3A and

GABARAP. The spectra of two titration points from this experiment are shown in

Figure 4.7. The selection of these hAtg8 proteins as representative of their group was

arbitrary but they may be considered representative as the intermediate protein in

their subfamily in terms of selectivity. Figure 4.9A shows the results from this titration

plotted on a graph. As the peptide concentration was increased the ratio of bound to

free LC3A increased more than the ratio for GABARAP. This was particularly clear

at the 30 µM titration point where the ratio for LC3A was more than double the ratio

for GABARAP. This indicated that the WT p62 AIM peptide preferentially bound

to LC3A over GABARAP.

To investigate the absolute preference of the WT p62 AIM peptide, a competition

experiment was carried out in which an equimolar mixture of LC3B and GABARAPL1

was titrated with the AIM peptide. These are the hAtg8 proteins which were pref-

erentially bound within their respective subfamily so the protein preferred here is

preferentially bound to the WT p62 AIM among all of the hAtg8 proteins. Spectra

of two titration points from this experiment are shown in Figure 4.8. Figure 4.9B

then shows that at every peptide concentration there was a higher ratio of bound to

unbound GABARAPL1 than the ratio for LC3B. The highest peptide concentration

produced the largest difference in bound to free ratio for these proteins as the value

for LC3B was 8.3 and the value for GABARAPL1 was 14.1 This indicated a bind-

ing preference of the WT peptide for GABARAPL1 among all of the hAtg8 proteins

according to these ESI MS competition experiments.

4.2.2 Isothermal titration calorimetry

ITC was used here to further investigate the binding interaction of the WT

p62 AIM peptide with all six hAtg8 proteins. Example data for the interaction of

GABARAP with the peptide is shown in Figure 4.10. The fitted thermodynamic

parameters from these experiments are displayed in Table 4.1 and the raw applied
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Figure 4.9: Graphs showing the results of the ESI-MS competition experiments as
the p62 WT AIM peptide is titrated into an equimolar mixture of the hAtg8 pro-
teins to compare members of the different subfamilies. Top graph (A) is for the
LC3A/GABARAP competition experiment and the bottom graph (B) is for the
LC3B/GABARAPL1 competition experiment; showing a preference for LC3A and
GABARAPL1 respectively.
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Figure 4.10: ITC data for the titration of the WT p62 AIM peptide into GABARAP.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.

power data and derived binding curves used to determine each of these values are

shown in Appendix Figures A.14-A.18.

The binding affinities calculated from these experiments indicate that the GABA-

RAPL1-WT p62 AIM peptide interaction has the strongest binding affinity although

the LC3B-WT p62 AIM peptide interaction affinity has a similar value and there

is overlap in the calculated error so this cannot be conclusively determined as a

significant difference. However, there is a significant difference in the affinity of

GABARAPL1 binding to the peptide compared to the other four hAtg8 proteins.

The LC3C-WT p62 AIM peptide interaction has the weakest affinity however the fit

for this data has a higher error so this value has a large degree of uncertainty. There

was a fivefold difference in KD between the strongest and weakest interaction deter-

mined from these experiments with smaller but in some cases significant differences

between the intermediate proteins.

The thermodynamic characteristics of these hAtg8-p62 AIM interactions can then

be compared, as shown in Figure 4.11. This shows the relative contributions of

the enthalpic (∆H) and entropic (-T∆S) components to the overall binding (∆G)

of these proteins. It can be seen that there are some similarities among proteins

which have previously shown similarities in sequence homology and in their CD
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Protein n KD (µM) ∆H (kJ mol−1)

LC3A 1.05±0.02 4.55±0.30 -74.97±1.57
LC3B 0.92±0.03 3.83±0.41 -44.85±1.83
LC3C 0.82±0.13 16.84±4.08 -15.01±3.52

GABARAP 0.92±0.01 5.20±0.31 -23.97±0.34
GABARAPL1 0.86±0.02 3.23±0.45 -23.49±0.86
GABARAPL2 1.07±0.06 6.85±1.02 -10.15±0.69

Protein ∆S (J mol−1K−1) ∆G (kJ mol−1)

LC3A -14.37 -30.96
LC3B -4.39 -31.41
LC3C 4.14 -27.69

GABARAP 1.22 -30.23
GABARAPL1 2.74 -31.87
GABARAPL2 6.46 -29.94

Table 4.1: ITC-derived thermodynamic parameters for the binding of the WT p62
AIM peptide to each of the hAtg8 proteins.

spectroscopy profile; there are the clearest similarities between LC3A/LC3B and

GABARAP/GABARAPL1.

The enthalpic contributation to the LC3A and LC3B interactions with the WT

peptide is significantly higher than for the other proteins, with LC3A showing the

highest enthalpic contribution. These proteins also uniquely show an unfavourable

entropic component, with LC3A again showing the largest contribution. The most

favourable enthalpy and most unfavourable entropy of LC3A compensate for each

other resulting in an affinity that is close to the other hAtg8 affinities determined

here. The remaining four hAtg8 proteins (LC3C, GABARAP, GABARAPL1 and

GABARAPL2) show similar profiles other than some differences in magnitiude which

result in the observed differences in ∆G. These protein-peptide interactions are

dominated by the enthalpic term in all cases other than for GABARAPL2 which

is dominated by the entropic term. Despite this largely favourable entropy term for

GABARAPL2, this interaction has the smallest enthalpic contribution resulting in

the second lowest ∆G determined here.

These thermodynamic parameters for the interaction of each hAtg8 protein with

the peptide are plotted in Figure 4.12. The plotting of these points produced a linear

trend showing the compensation effect between these parameters. The proteins which

produced values which fall below the fitted line are the proteins with the strongest

binding affinities and those above the line produced the weakest binding affinities.

The ’n’ parameter from fitting this data deviated away from the expected value of
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Figure 4.11: Graph comparing ITC-derived thermodynamic parameters for the bind-
ing of the WT p62 AIM peptide to each of the hAtg8 proteins to illustrate the differ-
ences in the enthalpic and entropic contributions to the Gibbs free energy.

Figure 4.12: Enthalpy-entropy compensation effect demonstrated by ITC-derived
thermodynamic parameters.
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Protein n KD (µM) ∆H (kJ mol−1)

LC3A 1 5.21±0.31 -79.50±1.12
LC3B 1 3.15±0.34 -40.68±0.94
LC3C 1 14.22±2.58 -12.24±0.91

GABARAP 1 4.91±0.36 -21.42±0.46
GABARAPL1 1 2.65±0.54 -20.77±0.79
GABARAPL2 1 7.81±0.86 -10.95±0.37

Table 4.2: ITC-derived thermodynamic parameters for the binding of the WT p62
AIM peptide to each of the hAtg8 proteins. This derivation was carried out by fixing
the value of ’n’ to one.

one, to some degree, for all of these interactions. It was possible to perform a fitting

analysis from the same data whilst fixing the value of ’n’ to one. The results of this

analysis are shown in Table 4.2. This change in the fitting method resulted in a small

change to the derived parameters. The value of the KD decreased if the ’n’ value was

previously below one and vice versa.

Binding selectivity is a central concern in this thesis so it should be noted that both

fitting procedures produce the same order of binding preference other than for LC3A

and GABARAP. Allowing the value of ’n’ to float in the fitting process produced

data that indicated that the WT p62 AIM peptide preferentially bound to LC3A over

GABARAP. On the other hand, fixing the value of ’n’ to one led to KD values which

indicated no significant difference in binding between them. The same binding curve

data for the GABARAP-WT p62 AIM interaction as shown before but with ’n’ fixed

during fitting is shown in Figure 4.13. This shows that the fitted line deviates away

from the plotted data and therefore the fit doesn’t accurately describe the data in

this case.

4.3 Discussion

MS Competition Experiments

ESI MS competition experiments, as used here, present a number of possible pit-

falls so potential issues with this methodology must first be considered. The ratio of

bound to free protein has been used in ESI MS experiments to reliably reproduce KD

values from ITC experiments so this is deemed to be an acceptable measurement of

affinity [155]. The difference here is the presence of multiple sample components which

may be ionised to differing degrees and complicate in-sample comparisons. Indeed,
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Figure 4.13: ITC data for the titration of the p62 WT AIM peptide into GABARAP.
This shows the plotted binding curve from the integration of applied power raw data
and a line showing the fit of this data with ’n’ fixed to one during the fitting.

ESI MS of equimolar mixtures of the hAtg8 proteins produce spectra with differ-

ences in summed intensities for each protein. However, similar ratios of intensities

were observed repeatedly from separate sample preparations. This confirms that the

differences in intensity occur due to the ESI process rather than differences in the

concentrations of the proteins.

Differences in peak intensity from equimolar mixtures of proteins have also been

observed elsewhere in the literature [157]. This study cited the differing surfaces and

desolvation behaviour as key factors in the intensity difference. The availability of

surface sites for charge to be incorporated and their solvent accessibility may lead

to proteins with differing ionisation efficiencies. It can also be the case that proteins

are not fully desolvated into individual ions for detection and that this can vary

from protein to protein. Despite the structural similarity of the hAtg8 proteins there

is substantial sequence difference which would support variations in ionisable sites

and desolvation behaviour leading to differences in peak intensity among equimolar

proteins.

Maintenance of the solution phase equilibrium of bound to free protein throughout

the ESI and detection process is central to the accurate representation of the binding

interactions. A number of potential sources of error which may lead to differences

between the solution phase ratio of bound to free protein to the detected ratio were

highlighted in a paper by Kitova et al. [158]. This paper suggests that this ratio is

likely to be maintained in cases where there is a large size difference between the two
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binding partners such that the size of the complex is roughly the same as the size of the

protein. This approximation is suggested to hold when the size of the complex is less

than 110% of the size of the protein. All of the hAtg8-p62 AIM complexes studied here

are between 108 and 109% of the size of the protein only. Other factors considered

by Kitova et al. are in-source dissociation, non-specific ligand-protein binding and

ESI-induced changes to pH and temperature. Due to the analysis of these proteins

under the same experimental conditions, these factors should not produce significant

differences between the proteins.

The similar binding affinities of these interactions should result in similar levels of

in-source dissociation which should be relatively low due to the important hydrophobic

interactions known to be involved in this binding. Non-specific ligand-protein binding

may alter the detected ratio of bound to free protein but this is assumed to be low

due to the low protein concentrations used here. Finally, any ESI-induced changes to

pH and temperature will be uniform to the proteins in the same sample. The errors

which may persist in this technique are assumed to be small and similar among the

proteins.

These ESI-MS competition experiments indicated that the WT p62 AIM peptide

used in this work preferentially binds to GABARAPL1 amongst all six hAtg8 pro-

teins. The full set of experiments conducted indicated the following order of binding

preference: GABARAPL1 > LC3B > LC3A > GABARAP > LC3C/GABARAPL2.

The preference of the p62 AIM peptide for binding to LC3C or GABARAPL2 was

not investigated with these experiments.

ITC

The quality of fitting for the ITC experiments should be commented upon before

discussing any implications from the data. The ’n’ parameter determined from ITC

data fitting is often a good waypoint for initial assessment of the quality of the fit as

the value should always make biological sense i.e. it should represent a known binding

conformation. In this study all of the protein-peptide interactions were expected to

occur at a 1:1 ratio which was shown in the MS studies and has been previously

shown in NMR/X-ray structures. As such the ’n’ value was expected to be one. This

test indicated a good fit for these experiments as all ’n’ values occured within 20%

of the expected value; a common benchmark. However, it should be noted that the

experiments with GABARAPL1 and particularly LC3C had a low ’n’ value which may

indicate incorrect protein/peptide concentrations or an error in the fitting process.
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There is some debate regarding the fitting of the ’n’ parameter in ITC studies as it

may be preferential to fix the ’n’ value if the binding ratio is known [186].

For the data presented here, the fitting process did not appear to significantly

affect many of the fitted parameters. The KD values produced were similar whether

the ’n’ value was fixed or could float during fitting. Selectivity was a key factor

in this study so the ordering of binding preference was compared using either fitting

method. This ordering was the same regardless of fitting method other than for LC3A

and GABARAP. The ESI MS competition experiment which compared the binding

of the peptide to LC3A and GABARAP indicated a binding preference for LC3A.

Floating ’n’ during the fitting process produced the same result whereas fixing ’n’ led

to non-statistically significant differences in values so this data supports allowing the

’n’ parameter to float during fitting. Changes to the ∆H values produced between

the two fitting methods were significant though small.

Visual comparison of the fitted line from both fitting methods and how well it

represented the data showed that floating the ’n’ value produced a more representative

line in the case of GABARAP. This was quantified using the χ2/DoF value produced

from each fitting as this is the value that is minimised to determine the quality of fit

throughout the iterative fitting process of data analysis. This value was 2459 for the

fit when ’n’ was allowed to float and 8480 when ’n’ was fixed; indicating that floating

’n’ produces a better fit. The GABARAP ITC data was selected as an example in

this chapter arbitrarily so it should be noted that for some of the hAtg8 proteins the

fitting of the line to the data was not noticeably different between the two fitting

processes though in no case did the fitting appear better for fixing n; as inspected

visually and by comparing χ2/DoF values.

Based upon this it was determined that allowing ’n’ to float in the fitting process

was the more appropriate methodology for this work as it more accurately repre-

sents the data. Additionally, allowing the ’n’ value to float produces a measure that

represents the quality of the fit quantitatively rather than relying on visual inspection.

ITC-derived KD values (from the floating ’n’ fitting process) can then be compared

with the relative selectivities observed in the ESI-MS competition experiments. These

experiments appear to be in relative agreement as for example the WT p62 AIM

peptide bound selectively to GABARAPL1 in the MS studies and this interaction

produced the lowest KD value via ITC, although the value was not lower than for

LC3B by a statistically significant margin. The ordering of these KD values then

fits with the ordering produced by the ESI MS studies. The combined MS and

ITC experiments indicate the following order of binding preference: GABARAPL1 >
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Study ∆H (kJ mol−1) ∆S (J mol−1 K−1) KD (µM)

This work -44.85±1.83 -4.39 3.83±0.41
Novak et al. [187] -43.93±0.54 -3.60 1.47±0.08
Rogov et al. [188] -39.24±0.71 -2.24 2.01±0.06

Table 4.3: Comparison of ITC-derived parameters for the interaction between a p62
AIM peptide and LC3B.

LC3B > LC3A > GABARAP > GABARAPL2 > LC3C.

Additionally it is worth noting that the ITC-derived KD value for the LC3B-p62

WT AIM peptide interaction determined here (3.83±0.41 µM) is in agreement with

previous work by Goode et al. which showed this interaction to have a KD value

of 3.2±1.1 µM [1]. This previous ITC study used a peptide corresponding to p62

residues 332 to 351 rather than the construct of residues 332 to 343 used here which

indicates that the extension of the peptide in their work does not produce a significant

effect on binding affinity.

Furthermore, two studies have reported ITC-derived thermodynamics data for

the interaction betwen a p62 AIM peptide and LC3B. These are compared to the

parameters derived here in Table 4.3. Although there are some differences in the

produced the data, the magnitude and sign of these values are in agreement.

Avidity Effects in AIM Binding

The combined data in this chapter shows a degree of binding selectivity is present

for the p62 AIM peptide amongst the hAtg8 proteins. There is a fivefold difference in

KD between GABARAPL1 and LC3C, with some significant differences also present

within the proteins with intermediate affinities. The smaller differences in affinity

presented by this data should be considered within their biological context where a

p62 filament presenting multiple AIMs may bind avidly to multiple hAtg8 proteins

anchored to the autophagosomal membrane, as described in Section 1.4. This avid

binding may amplify these small differences in binding affinity in the cellular context.

The avidity effect on binding between hAtg8 proteins on the autophagosome mem-

brane and the multiple AIM binding sites on a single p62 filament is considered in

Figure 4.14. This shows a simplified version of this system considering just two hAtg8

proteins binding to two sites on a filament but this is representative of the effect on

a larger scale. This diagram illustrates that first a single hAtg8 interaction must be

made and then subsequent interactions may follow. Although simultaneously binding

is possible, this scenario is more likely due to the flexibility of both components.
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Figure 4.14: Simplified schematic to show avid binding of hAtg8 proteins on the
autophagosome membrane to p62 filaments. This illustrates the initial binding of one
hAtg8 protein to one AIM on the p62 filament. This then allows avid binding of
the second hAtg8 protein to another AIM on the filament. This second interaction
has a higher binding affinity than the first interaction due to the increased local
concentration of binding sites from being held in proximity to the p62.

The key point of this diagram is that rate constant k3 is larger than k1 due to

avidity. Upon binding to the first site the local concentration of binding sites for

the second hAtg8 is higher than for a hAtg8 protein free in solution. Essentially, the

second hAtg8 is being held in close proximity to the binding site making it more likely

to bind.

This simplified version shows the hAtg8 being held near the binding site which

may not be the case but the two components must simply diffuse until the hAtg8 finds

any neighbouring AIM site, of which there may be many in proximity, before the first

hAtg8 dissociates. It may also be important to consider residence time as this is often

increased upon avid binding. If k3 is faster than k2 it becomes less likely that there

will be full dissociation as the second site binds back on before the full complex can

break apart. Therefore an increase in binding affinity may lead to increased residency

time as both k1 and k3 become faster whilst k2 and k4 become slower.

Binding Selectivity

The preference for GABARAPL1 here is supported by previous work which showed

the binding affinity of the NBR1 AIM binding to GABARAPL1 was increased by

changing the Tyr at the first position in the AIM to a Trp [50]. This supports the

strong binding interaction observed here for the p62 AIM which has a Trp at the first

position. A study has shown that proteasomal inhibition led to selective induction of
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GABARAPL1 and p62 in neuroblastoma cells which supports the importance of this

interaction [189]. This indicates that selective autophagy of proteins is compensating

for decreased proteasomal degradation and this is achieved through induction of the

two proteins with the highest affinity interaction observed here. Increasing levels of

these two proteins is the most efficient way to increase selective cargo recruitment.

Recent work using peptide arrays to study the interaction between AIM peptides

and the hAtg8 proteins produced a mixture of data that supports this work and some

that does not [51]. Rogov et al. showed that LC3B binds to the p62 AIM with a

higher affinity than LC3C which was also demonstrated here.

They showed that there was no significant difference in binding between GABARAP

and GABARAPL2 in terms of the interaction with the p62 AIM and although the

difference observed here is considered significant, it is very small. Additionally the

peptide array experiments also indicated that GABARAP binds to the p62 AIM with

higher affinity than LC3B which is not what has been observed in this thesis as LC3B

has been shown to bind with a higher affinity than GABARAP; although the differ-

ence can only just be considered significant. Discrepencies between the data in their

work and that presented here are therefore present but small.

It may be the case that the high throughput nature of the peptide array may have

produced an anomolous result. Similarly, the difference in result observed may come

from an artifact of immobilising the peptide. However, due to the small differences in

affinity being studied in this work the margins of error are slight and it is not clear

which study is accurate.

ITC-derived thermodynamic parameters may be useful when considering this se-

lective binding as they can be informative about differences in binding mode among

the proteins. The enthalpy-entropy compensation effect observed for the hAtg8 pro-

teins has resulted in ∆G values which had a range of 4.18 kJ mol−1, despite a range of

64.83 kJ mol−1 for the ∆H values and a range of 63.80 kJ mol−1 for the T∆S values.

This indicates that these interactions have diverse contributions that produce similar

affinities.

It may be the case that the interaction of the peptide with LC3A and LC3B

occurs via a different binding mode than for the other hAtg8 proteins as these have

larger enthalpy terms and are the only two to have unfavourable entropic terms.

The proteins with interactions that produce favourable entropic terms likely have

significant contributions to their binding from the hydrophobic effect in order to offset

the unfavourable entropy inherent in the conformational limitation of a bimolecular

interaction. Of these other four hAtg8 proteins GABARAPL1 does not appear to
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show any particular defining difference in its enthalpic and entropic contributions to

lead to its higher affinity. This may mean that it binds in a similar fashion but the

surface charge and topology of GABARAPL1 is simply more optimised to facilitate

binding than for the other proteins.

By inspection of the surface charge and topology of these proteins shown in Figure

4.15 it is perhaps unsurprising that there is some diversity in these proteins in terms

of their interaction with the peptide. The W- and L-sites of LC3B are indicated and

whilst it is possible to speculate about the analogous sites on the other five proteins,

it is less clear. The protein with the most similar surface to LC3B is LC3A; as would

be predicted based on their sequence homology. Even for these two structurally and

sequentially similar proteins though there are some differences in the distribution of

charged residues and the topology around the W- and L-sites. The similar sites of

LC3A and LC3B in some way produce binding interactions with the peptide that are

entropically unfavourable. Perhaps a tight fit of the AIM residues in these pockets

is entropically unfavourable as they can sit in a limited number of conformations but

they are tightly held enthalpically. The binding pockets on the other hAtg8 proteins

may be a less tight fit but perhaps they can accomodate different conformations

of the peptide as they have lower enthalpic contributions but favourable entropic

contributions to the overall binding. Binding of a peptide will also alter the solvation

layer of local water molecules around the binding site which affects the thermodynamic

profile of the interactions. The exact nature of the causes of these thermodynamic

differences and the relative contribution of desolvation effects versus configurational

effects was unclear.

Consideration of different binding modes may also provide a degree of explanation

for the low affinity of the LC3C-p62 WT AIM peptide interaction. As discussed in

Section 1.2, NDP52 has been shown to bind selectively to LC3C amongst the hAtg8

proteins [40]. In this report von Muhlinen et al. suggest that this interaction is medi-

ated by a noncanonical AIM formed from a Leu-Val-Val sequence which interacts with

the unique binding patch of LC3C. The low sequence homology of LC3C compared to

the other hAtg8 proteins was highlighted as the cause of this unique binding patch.

Therefore, it follows that the binding patch of LC3C which is selectively bound by a

noncanonical AIM would bind with a lower affinity to a canonical AIM, as is the case

for the p62 motif.

The data presented in this chapter has shown that:

� Allowing the ’n’ value to float during fitting of ITC data produces a fit which

better represents the data in this case.
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Figure 4.15: Aligned crystal structures of the hAtg8 proteins showing their surface
topology and charge. Negatively charged atoms are shown in red and positively
charged atoms are shown in blue. The known W- and L-sites on LC3B are also
highlighted to indicate the binding patch of this protein and therefore the expected
binding patch of the remaining hAtg8 proteins.
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� There is a small but measureable degree of binding selectivity amongst the

hAtg8 proteins in their interaction with a WT p62 AIM peptide.

� The WT p62 AIM preferentially binds to GABARAPL1 and binds to LC3C

with the lowest affinity.

The quantification of the binding affinities in this chapter facilitated work in the

following chapters as it allowed the effect of p62 phosphorylation (Chapter 6), LC3B

phosphorylation (Chapter 7) and an ALS-related p62 mutation (Chapter 8) to be

determined by comparison. The following chapter though focuses on an interaction

studied in this chapter between GABARAPL2 and the WT p62 AIM peptide.
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Chapter 5

NMR Assignment and

Characterisation of GABARAPL2

5.1 Introduction

Multidimensional, heteronuclear NMR experiments were used for assignment and

subsequent characterisation of the GABARAPL2-WT p62 AIM peptide interaction.

The characterisation of the thermodynamics of this interaction, shown in Chapter

4, demonstrated that this binding was unique as it is entropically driven with a low

enthalpic contribution to binding compared to the other hAtg8 proteins. The binding

affinity of this interaction was also shown to be significantly weaker than for LC3A,

LC3B, GABARAP and GABARAPL1. Therefore, further study to elucidate how

the specific surface charge and topology of this protein causes these differences was

warranted.

5.2 Backbone Amide Assignment

To allow 3D assignment experiments 13C,15N-GABARAPL2 was over-expressed

using a isoptope labeling protocol and subsequently purified as described in Section

2.3 and 2.5. An assignment of the GABARAPL2 1H-15N-HSQC spectrum had previ-

ously been published which identified peaks corresponding to 91% of the non-proline

backbone amide resonances [171]. A 1H-15N-HSQC spectrum was acquired and com-

pared to this previous spectrum. The chemical shift RMSD was determined between

the signals in the published 1H-15N-HSQC spectrum and the spectrum produced here.

This gave an RMSD of 0.10 ppm in the 1H dimension and 0.09 ppm in the 15N dimen-
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Figure 5.1: Strips of the overlaid HNCACB (blue and green) and HN(CO)CACB
(red and torquoise) spectra of GABARAPL2. The strips are taken at different 15N
chemical shifts as indicated. Allignment of peaks in the 13C dimension from the two
spectra at different 1H and 15N amide resonances implies connectivity between these
amides in the backbone.

sion. Visual comparison of the spectra also confirmed the overlapping nature of the

spectra which along with the low RMSD values justified the transfer of the assignment

from the work of Ma et al. to the spectrum collected here.

The validity of this assignment was also confirmed in the work presented here.

Two primary sets of 3D NMR experiments were utilised for the assignment proce-

dure for GABARAPL2; namely HNCO/HN(CA)CO and HNCACB/HN(CO)CACB.

The assignment was carried out using the standard sequential assignment method

described in Section 2.6.4. An example of the assignment process is highlighted in

Figure 5.1 where strips showing an overlay of both the HNCACB and HN(CO)CACB

spectra of GABARAPL2 are shown. These strips were taken at the 1H and 15N chem-

ical shifts of the NH resonance; corresponding to a single peak on the 1H-15N-HSQC

spectrum. From this it can be seen that at these resonances, there were peaks at

different 13C frequencies from the CA and CB atoms in that particular amino acid

residue (HNCACB) or the preceding residue (HNCACB and HN(CO)CACB).

One pair of CA and CB signals were observed per strip, as expected, in the

HN(CO)CACB experiment which correspond to the atoms in the i− 1 residue. The

HNCACB experiment can produce signals for the CA and CB atoms on the i and
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Figure 5.2: Strips from the HNCACB spectrum of GABARAPL2 highlighting the
unique CA and CB signals of glycine (left), serine (middle) and alanine (right). Boxed
peaks correspond to i CA and CB signals.

i− 1 residues of a given NH. However, Figure 5.1 shows that the HNCACB spectrum

often only produced one pair of CA and CB resonances per NH signal. This absence

of signals did not affect the ability to assign the NH backbone peaks from the data

collected as the required information was still present in the 3D spectra.

As an example of how the sequential assignment was performed from these strips,

the link between 56Asp and 57Ile will be considered. At the same 1H and 15N chemical

shifts of the 56Asp signal in the 1H-15N-HSQC, the HNCACB experiment produced

two peaks at different 13C chemical shifts which corresponded to the CA and CB of the

i residue. They were coloured differently in the spectrum to indicate their opposite

phasing which occured due to the nature of the experiment. In these experiments

signals are multiplicity edited which means peaks from atoms in a CH or CH3 group

have the opposite phasing from atoms in a CH2 group.

At the 1H and 15N chemical shifts of the 57Ile signal in the 1H-15N-HSQC, the

HN(CO)CACB experiment produced two peaks with matching 13C chemical shifts to

the CA and CB shifts from the 56Asp in the HNCACB experiment. In this way the

two signals from the 1H-15N-HSQC were sequentially linked.

In order to assign residues to particular 1H-15N-HSQC peaks, characteristic res-
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Figure 5.3: 1H-15N-HSQC of 15N-GABARAPL2 showing the assignment of backbone
amide NH signals.

onances for the CA and CB peaks were identified. Figure 5.2 shows some examples

of characteristic CA and CB shifts from the HNCACB spectrum of GABARAPL2.

This shows a glycine residue which does not have a CB atom and has a 13CA chem-

ical shift that is particularly upfield. The CA signal for glycine also has opposite

phasing to the other CA signals shown as it is a CH2 rather than a CH. Serine (and

also threonine) signals are unique as the 13CB chemical shift is more downfield than

the 13CA shift; the opposite of all other naturally occuring amino acid. The defining

characteristic of alanine can be less clear than the previous two examples though it

is typically distinguishing. Alanine is the only amino acid residue with a methyl CB

which results in a chemical shift for this atom at a significantly lower ppm value than

for other 13CB signals.

The sequential linking of 1H-15N-HSQC signals was combined with this informa-

tion on amino acid type to perform the assignment. This allowed a sequentially linked

string of known and unknown amino acids to be compared to the known sequence of

the protein until an unambiguous match was found. After all possible assignments

were made from the data collected here, the assignment was compared to the previ-
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Amino Acid Type Total Assigned % assigned Assigned % assigned

by Ma et al. by Ma et al.

Ala 5 5 100 5 100

Arg 6 3 50 5 83

Asn 1 1 100 1 100

Asp 8 3 38 8 100

Cys 1 0 0 1 100

Gln 5 3 60 5 100

Glu 9 6 67 9 100

Gly 6 4 67 4 67

His 2 0 0 2 100

Ile 9 7 78 8 89

Leu 7 3 43 7 100

Lys 12 6 50 11 92

Met 4 2 50 3 75

Phe 7 6 86 6 86

Pro 5 0 0 0 0

Ser 10 4 40 8 80

Thr 4 4 100 4 100

Trp 2 1 50 2 100

Tyr 5 3 60 5 100

Val 11 4 37 10 91

All Residues 119 65 55 104 87

All Residues - Pro 114 65 57 104 91

Table 5.1: Overview of the GABARAPL2 amide backbone assignment by amino acid
type indicating that 91% of assignable residues have been identified.

ously published work and it was observed that all assigned peaks were in agreement

with the previous work. The assigned 1H-15N-HSQC spectrum is shown in Figure 5.3

and the level of assignment achieved is described in Table 5.1.

The assigned residues have been mapped onto the structure of GABARAPL2 in

Figure 5.4 to show the coverage of the assignment. This illustrates that 10 of the

15 unassigned residues corresponded to random coil sections of the protein structure

with the other five occuring in positions with defined secondary structure. Four of the

10 unassigned random coil residues and one of the five unassigned structured residues

were prolines which cannot be assigned by this methodology.
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Figure 5.4: Crystal structure of GABARAPL2 coloured to illustrate the assignment
of backbone amide residues in the 1H-15N-HSQC spectra. This is shown as a cartoon
schematic from two angles and assigned residues are coloured in blue and unassigned
residues are coloured red.

5.3 GABARAPL2-WT p62 AIM Binding Study

Isotopically-labeled 15N-GABARAPL2 was over-expressed and purified as described

in Section 2.3 and 2.5 for use in this binding study. A 1H-15N-HSQC NMR titration

experiment was used to investigate the binding of the WT p62 AIM peptide to 15N-

GABARAPL2. This type of study allowed chemical shift mapping to attempt to

define the site of peptide binding on the protein through chemical shift perturbation

(CSP) analysis.

Titration of the WT p62 AIM peptide into a 15N-labeled sample of GABARAPL2

was conducted incrementally at constant GABARAPL2 concentration until a 4:1

peptide to protein ratio was reached; with a 1H-15N-HSQC spectrum collected at

each point. Spectra of the unbound and bound 15N-GABARAPL2 protein are shown

in Figure 5.5 and the full spectral overlay of each titration point produced throughout

the experiment is shown in Appendix Figure A.12.

The majority of assigned signals (73%) in the 1H-15N-HSQC spectrum underwent

fast exchange or intermediate exchange with signals which could be followed through

the titration. This allowed the bound form of these peaks to be assigned by following

assigned peaks through the titration points. Calculation of CSP values and deter-

mination of significance was performed as described in Section 2.6.4. The results of

this analysis are shown in Figure 5.6 which shows the CSP values for each amino

acid residue which could be determined and which of these are above each level of
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Figure 5.5: Spectral overlay of the 1H-15N-HSQC spectra of unbound GABARAPL2
(green) and 4:1 WT p62 AIM-GABARAPL2 (red), including an insert showing the
detail of a smaller region. The assignment of the unbound spectrum has been an-
notated and the corresponding peak in the bound spectrum is shown by the arrow.
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Figure 5.6: Graph illustrating the CSP values which could be determined due to fast
exchange for the binding of 15N-GABARAPL2 to the WT p62 AIM peptide. The
lines indicate one or two standard deviations (σ) above the mean (µ). Green bars
denote residues with significant CSP values.

significance.

There were 28 assigned peaks in the 1H-15N-HSQC spectrum which could not

be followed during the titration as they exhibited slow exchange behaviour or in-

termediate exchange with signals which could not be followed through the titration.

There were then 15 additional peaks observed in the 4:1 WT p62 AIM peptide:15N-

GABARAPL2 1H-15N-HSQC spectrum which were unassigned. Unfortunately, at-

tempts to perform 3D assignment experiments on the bound WT p62 AIM-13C,15N-

GABARAPL2 were unsuccessful due to protein degradation.

Figure 5.7 highlights the amino acid residues with significantly shifting fast or

intermediate exchange peaks with peaks with CSP values one or two standard devia-

tions above the mean coloured. This structure also highlights the residues with signals

that exhibited slow exchange behaviour or intermediate exchange with signals which

could not be followed through the titration; as these are conisdered to be the most

significantly perturbed residues. Additionally, it illustrates the amino acid residues

which had not been assigned to a peak in the unbound 1H-15N-HSQC spectrum and

thus their significance could not be investigated.

Estimation of the binding affinity of this interaction was possible using Equation

2.8. This was carried out using the fitting function within CCPNMR Analysis. The
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Figure 5.7: Crystal structure of GABARAPL2 which illustrates potential binding
sites for the WT p62 AIM peptide based upon the NMR chemical shift mapping
experiment. This shows the residues with significantly shifted signals (dark blue
shows slow exchanging residues; medium and light blue correspond to the CSP values
two and one standard deviations above the mean respectively), the residues without
significantly shifted signals (grey) and the residues which were not assigned to peaks
in the 1H-15N-HSQC spectrum (white).

Figure 5.8: Fitting of the CSP data for the four significant shifts determined for the
binding of the WT p62 AIM peptide to GABARAPL2.
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Peak Determined KD (µM) Error (µM)

Phe60 6.44 1.74
Asp81 2.33 1.98
Val84 5.93 1.65

Asn113 6.14 2.68

Table 5.2: NMR-derived KD values for the interaction between GABARAPL2 and
the WT p62 AIM peptide. This shows the values determined for the residues with
the most significant CSP values.

CSP values for each signal at each ligand concentration were plotted and these data

were fit to the equation to determine a KD value for each peak. The fitting of the

data for the four fast exchanging peaks with the most significant CSP values is shown

in Figure 5.8 and the determined KD values for these residues are stated in Table

5.2. These values produced an average estimate of the KD as 5.2±1.4 µM which is

consistent with with the ITC-derived value of 6.85±1.02 µM.

The HADDOCK web server was then utilised to dock the WT p62 AIM peptide

to GABARAPL2 according to this chemical shift mapping [190, 191]. Trp338 and

Leu341 were defined as the active residues on the peptide for the docking runs. Active

residues are defined within the web server to aid in docking and are considered to be

of central importance for the interaction. As such they are restrained to be part of

the interface or if they are removed from the interface the structure incurs a scoring

penalty. GABARAPL2 residues with peaks which exhibited slow exchange behaviour

during the titration were defined as the active residues as these represent the residues

with the largest CSPs. A different set of parameters were also utilised in a second

docking run which limited the active residues to those on the surface around the

β2-strand; where the p62 AIM is known to bind to hAtg8 proteins in the previously

studied examples [50, 1, 53]. The second docking run (with the shortened list of

active residues) produced a cluster of structures with a significantly more favourable

HADDOCK score. This is the scoring function the software operates to optimise which

is based on a linear combination of calculated structural energies and therefore more

negative values are favaourable. The first run produced a cluster of structures with

a top HADDOCK score of -49.6±2.4 which was comprised of 15 structures whereas

the second docking run produced a cluster of structure with a top score of -105.0±3.1

which was comprised of 75 structures.

The best scoring structure from the top cluster on the second run, i.e. the lowest

energy structure produced, is shown in Figure 5.9 with the GABARAPL2 surface

coloured according to the chemical shift mapping experiment. In this model, the sig-
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Figure 5.9: Structure of the GABARAPL2-WT p62 AIM peptide structure pro-
duced by the HADDOCK web server. This shows the peptide (orange) and the
GABARAPL2 residues with significantly shifted signals (dark blue shows slow ex-
changing residues; medium and light blue correspond to the CSP values two and
one standard deviations above the mean respectively), the residues without signif-
icantly shifted signals (grey) and the residues which were not assigned to peaks in
the 1H-15N-HSQC spectrum (white). Residues annotated in white correspond to the
slow exchanging residues on GABARAPL2 and annotations in black correspond to
peptide residues.

nificantly shifted Ile21, Leu50 and Phe104 residues as well as a number of unassigned

residues form a hydrophobic binding pocket for the Trp side chain. Ile63 forms a

hydrophobic patch on the GABARAPL2 surface which the Leu341 sidechainn can

pack against. The area around this binding site, comprised of Asp45, Trp62, Lys66

and Arg67 has also been significantly shifted.

5.4 Discussion

Assignment

The 1H-15N-HSQC spectrum can be considered as the fingerprint of a protein

under a given set of conditions and was used as the basis of the backbone assignment
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in this work. The HNCACB/HN(CO)CACB pair of experiments was preferred for

sequential protein assignment. Sequential links are more reliably assigned from these

experiments as there are two peaks which can be correlated (CA and CB) rather than

the one in the HNCO/HN(CA)CO experiments (CO). In addition to this there is a

greater dispersion in chemical shifts among the CA and CB signals compared to the

dispersion of CO signals; making non-linked, coincidental overlap of signals less likely.

The HNCO/HN(CA)CO pair of experiments provide an additional useful confirmation

of sequential linkages found in the HNCACB/HN(CO)CACB experiments though, as

this provides three resonances which can be correlated: CO, CA and CB.

Peaks in the 3D spectra were first paired with peaks in the 1H-15N-HSQC spectrum

due to their matching 1H and 15N chemical shifts. However, many peaks in the 1H-
15N-HSQC spectrum did not have corresponding observable peaks in the 3D spectra

and this precluded them from assignment. This was explained in some cases by their

location in random coil regions of the protein structure. These residues are more likely

to be conformationally flexible which results in the nucleus experiencing a range of

chemical environments. The flexibility leads to an averaging of these environments

so the signal is broadened which reduces signal intensity at the peak (though the

intesnity of the full peak remains the same and is simply spread). Five of the 15

unassigned residues were prolines which cannot be assigned by this methodology as

they do not produce signals in the 1H-15N-HSQC spectrum due to their distinctive

ring structure which does not have a backbone NH.

The signals from the i − 1 residue CA and CB atoms in a HNCACB experiment

are often lower in intensity than for the i residue so the intensity of these signals may

be too low to be observed here due to the relatively low concentration of protein (100

µM) in the sample. Additionally, as the HNCACB signals occured at different 13C

chemical shifts from the HN(CO)CACB signals for the same NH it can be deduced

that the HNCACB signals were for the i residue. Therefore in the cases where only

one set of CA and CB signals were observed in the HNCACB spectrum, these signals

were assigned to the i residue.

All of the peaks assigned in the 1H-15N-HSQC of this work correlated with the

previous assignment by Ma et al. with no additional assignment achieved. The RMSD

values between the peaks in the two spectra were 0.10 ppm in the 1H dimension

and 0.09 ppm in the 15N dimension which illustrates a clear overlap of the peaks.

This assignment confirmation and clear overlay of signals allowed the transfer of the

previous assignment onto the spectrum collected here.
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Chemical Shift Mapping

NMR titrations for chemical shift mapping are useful as the changing chemical

environment of the backbone amides upon peptide binding results in movement of the
1H-15N-HSQC peaks which is proportional to involvement in the binding interaction.

In this way the chemical environment of the backbone amide of a particular amino

acid residue is used as a proxy for changes to the residue as a whole.

When considering the movement of peaks throughout the titration, the exchange

regime played a crucial role. Exchange behaviour is discussed in terms of fast, inter-

mediate or slow exchange which can be considered in terms of the association and

dissociation rates of two molecules and the chemical shifts of the bound and free sig-

nals. A signal exhibits slow exchange behaviour when the rate of exchange between

bound and free protein, in Hz, is significantly lower than the difference, also in Hz,

between the chemical shifts of the free and bound signals. As such two peaks are

observed in the spectrum which correspond to the bound or unbound form. The

intensities of these peaks are weighted by the ratio of bound to free protein in the

sample.

Conversely, a signal exhibits fast exchange behaviour when the rate of exchange

between the two states is significantly higher than the difference between the chemical

shifts of the free and bound signals, both in Hz. This results in signals which occur at

chemical shifts that are a weighted average of the chemical shifts from the bound and

unbound states. Depending on the nature of intermediate exchanging peaks, they can

fall into either side of the fast/slow dichotomy as the rate of exchange between the

two states is roughly the same as the difference in their chemical shifts. Often the

peaks can be followed as for fast exchanging peaks however this exchange regime is

also associated with changes in linewidth. Signals are typically observed to broaden

then as the signal is closer to the bound state there is a sharpening of the signal.

As the peak broadens it may be the case that the signal becomes indistinguishable

from the noise which, in some cases, prevents the signal from being unambigiously

followed throughout the titration. It is therefore possible to see signals with a mixture

of exchange regimes from the same binding event; as the magnitude of chemical shift

perturbation varies between signals whilst the physical rate of exchange remains the

same.

Signals exhibiting behaviour corresponding to each exchange regime are illustrated

in Figure 5.10 at various titration points. This shows the fast exchange behaviour of

Lys2, the intermediate behaviour of Ala108 and the slow exchange behaviour of Ile32
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and Tyr106. This illustrates that if the peaks are in fast exchange it is possible to

follow peaks throughout the titration as the chemical shifts are altered incrementally.

This allows unambigous assignment of the bound fast exchanging peaks as the assign-

ment is simply propagated through the signals at each titration point. This is not

the case for peaks in the slow exchange regime which decrease in intensity whilst the

intensity of the corresponding bound peak increases elsewhere, as the titration pro-

gresses. This was observed for Ile32 and Tyr106 and although there are bound peaks

in close proximity it is not possible to assign them on that basis alone. It should also

be noted that for these two signals, upon the addition of the first aliquot of peptide

(0.2:1) no peak could be observed in the region and no peaks were observed nearby

until the final titration point was reached. This prevented any attempts to correlate

the unbound peaks with bound peaks. In the case of Ala108, which is in intermediate

exchange, it was possible to follow the signal as it moved throughout the titration but

the changes to the peak linewidth can be observed.

Due to the rate of association and dissociation of GABARAPL2 and the WT

p62 AIM peptide a mixture of exchange regimes were observed. The signals which

had small differences in chemical shift between their bound and free chemical shifts

exhibited fast exchange behaviour and the signals which had a larger chemical shift

difference between their bound and free chemical shifts exhibited slow exchange be-

haviour.

There were fewer signals in the 4:1 spectrum than in the unbound 0:1 spectrum

which indicated that peaks in the bound spectrum had broadened due to peptide

binding. This raised the possibility that a higher peptide concentration would have

produced a spectrum where these peaks, which had broadened so as to become indis-

tinguishable from the noise, had sharpened and become observable again. However,

based upon the graphs of CSPs in Figure 5.8, the binding appeared to be approaching

saturation as the curves were leveling off.

GABARAPL2-WT p62 AIM Structure

By the definition previously discussed, the residues with peaks in slow exchange

experienced the largest perturbations upon binding and were therefore used to define

the GABARAPL2-WT p62 AIM binding site. These significantly shifted residues on

the surface predominantly centre around the known hAtg8 binding patch for AIM pep-

tides around the β2-strand. This is analogous to the various known structures of the

hAtg8-AIM interaction including LC3B-p62, GABARAPL1-NBR1 and GABARAP-
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calreticulin [50, 1, 53].However, there was also a distribution of residues with slow

exchanging peaks across the protein surface which may have been taken to imply

non-specific binding across the surface. However, data from ESI MS and ITC studies

in Chapter 4 imply a 1:1 binding ratio which supports a single binding site in addition

to analogy with previous structures.

These distributed residues with significant shifts can instead be explained by con-

sidering structural shifts of the protein to accomodate binding. Figure 5.11 shows the

protein in a simplified ribbon schematic to show secondary structural elements. The

distribution of residues with large CSP values indicate that binding to the site around

the β2-strand leads to a shift in structure that propagates through the protein. There

are slow exchanging peaks which correspond to neighbouring residues in the β-sheet

which may indicate that these residues were shifting to accomodate binding and this

effect then propagates through the hydrogen bonding network within the structure,

altering the chemical environment of all shifted residues. The binding of AIM pep-

tides to hAtg8 proteins is characterised by the formation of an intermoleular β-sheet

so the propagation throughout the sheet is consistent with this model. This indicated

a significant shift in protein structure to accomodate binding of this peptide. This

propagation effect was also previously observed in the p62 AIM binding to LC3B.

For both docking runs, the lowest energy structure was found by binding of the

peptide to the site around the β2-strand; analogous to previous hAtg8-AIM structures.

This is the largest continuous patch of significantly shifted residues on the protien

surface. For the first docking run which utilised all slow exchanging surface peaks

as active residues, this was the only cluster of structures which was output with

binding at this site. The remaining clusters of structures involved binding elsewhere

with significantly higher energy structures. For the second docking run, all of the

clusters of structures involved the peptide binding at this site site. The lowest energy

structure produced from this docking experiment was shown in Figure 5.9 which shows

the peptide binding around the β2-strand of GABARAPL2. This shows that during

docking, even when binding to any slow exchanging surface residue was possible,

the site around β2 was preferred and the top scoring structure simply indicated the

optimised conformation of the peptide at this site.

Caution should be taken when interpreting results from a simplified docking ex-

periment to not rely too heavily on the outputted structure however the structure

is useful in visualising the interaction and can be justified with experimental data.

The structure produced from HADDOCK web server docking binds in an analogous

manner to the interaction of the same peptide with LC3B which allows comparison.
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Figure 5.11: Crystal structure of GABARAPL2 from two angles with the residues
most perturbed according to NMR by the p62 AIM peptide (shown in orange) binding
coloured in red. This illustrates that binding of the peptide to the expected binding
site propagates structural shifts through the protein structure, with a black arrow
illustrating this propagation through the structure.
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Figure 5.12: NMR data for the binding of the WT p62 AIM peptide to LC3B and
GABARAPL2. (A) Structure of GABARAPL2 which illustrates a potential bind-
ing site for the WT p62 AIM peptide based upon the NMR chemical shift mapping
experiment-based docking run. This shows the residues with significantly shifted
signals (dark blue), the residues without significantly shifted signals (grey) and the
residues which were not assigned to peaks in the 1H-15N-HSQC spectrum (white). (B)
Crystal structure of LC3B bound to the WT p62 AIM peptide coloured according to
a previous NMR chemical shift mapping experiment (dark green and light green cor-
respond to CSP values two and one standard deviations above the mean respectively).
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Figure 5.12A shows the colour-coded structure of the GABARAPL2-WT p62 AIM

peptide structure produced using the HADDOCK web server. The W- and L-sites

from this proposed structure are indicated. For comparison Figure 5.12B shows NMR

data from the work by Goode et al. which illustrates the NMR-derived binding site

of the WT p62 AIM peptide on the LC3B surface mapped onto the known crystal

structure of the complex. The modelled binding of the peptide to GABARAP2 shows

that the Trp338 of the peptide packs into an analogous W-site on the surface which

is formed of significantly shifted surface residues and some unassigned residues. The

binding of Leu341 onto GABARAPL2 clearly occurs with some variation to the L-

site compared with LC3B though. There is no defined cleft on GABARAPL2 for this

residue to bind but instead there are a number of significantly shifted residues on the

surface which form a proposed surface L-site. This is supported by visual inspection

of the unbound crystal structures of these two proteins where there is a defined cleft

on the surface of LC3B at the L-site which is not present for GABARAPL2. This

degree of preorganisation allows the Leu341 to bind into this hydrophobic cleft which

produces a stronger binding interaction.

Figure 5.13 compares the insertion of the Trp338 and Leu341 sidechains of the

WT p62 AIM peptide into these W- and L-sites of GABARAPL2 or LC3B. This

elucidates a structural rationalisation for the variation in the thermodynamics of these

interactions determined in Chapter 4 and shown again in Figure 5.14. In both cases

Trp338 of the p62 AIM inserts into a binding cleft between α2 and β3. The dominant

difference arises when looking at the binding of the Leu341 sidechain. For binding to

the LC3B surface this hydrophobic sidechain inserts into a binding cleft between α3

and β2 however when binding to GABARAPL2 this insertion into the globular fold

does not occur as no cleft exists. The overlay of the two structures in Figure 5.13C

particularly illustrates this shift in the binding of Leu341 between the two proteins.

The sidechain lies perpendicular to the surface. This results in less tight binding and

therefore a weaker affinity for GABARAPL2. The effect of this binding can be further

interpreted by looking at the highly favourable enthalpic contribution to binding in

the case of LC3B which is compensated to some extent by an unfavourable entropy

from this tight hydrophobic binding. The enthalpic contribution to binding with

GABARAPL2 is significantly lower as the strong binding interaction cannot occur

and the interaction also has a small favourable entropic component. This suggests

that the hydrophobic effect of the binding is actually similar in the two interactions

but instead this deep binding pocket limits conformational flexibility in the case of

LC3B which results in an unfavourable entropy change upon binding.
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Figure 5.13: Structures of GABARAPL2 (A) and LC3B (B) binding to the WT p62
AIM to illustrate the insertion of Trp338 and Leu341 into the protein fold. (C) is
an overlay of these two structures focused on the insertion of Leu341 of p62 (red for
binding to LC3B; dark green for binding to GABARAPL2) into the fold of LC3B
(pink) or GABARAPL2 (light green).

Figure 5.14: Graph comparing ITC-derived thermodynamic parameters for the bind-
ing of the WT p62 AIM peptide to GABARAPL2 or LC3B to illustrate the differences
in the enthalpic and entropic contributions to the Gibbs free energy.
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The data presented in this chapter has shown that:

� The assignment from the previously published 1H-15N-HSQC spectrum of GABA-

RAPL2 could be transferred to the spectrum collected here.

� The WT p62 AIM binds to the site around the β2-strand of GABARAPL2

which is a related site to the other known hAtg8-AIM interactions.

� The p62 AIM Leu341 residue binding site is significantly different on the GABA-

RAPL2 surface than on the previously investigated LC3B surface despite similar

Trp338 binding sites.

Having studied the interaction between the WT p62 AIM peptide and the hAtg8 pro-

teins in this chapter and the previous one, the following two chapters investigate the

potential regulation of this important protein-protein interaction by phosphorylation.
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Chapter 6

Phosphorylation of p62 for

Autophagy Regulation

6.1 Introduction

After the investigation of p62 binding to the hAtg8 proteins shown in Chapter 4,

this and the following chapter will look at the effect of phosphorylation on this key

protein-protein interaction in autophagy. TBK1 has been implicated in the process

of autophagy and of particular interest in this work are the phosphorylation sites

of this kinase on p62. Work presented in this chapter initially explored the effect of

TBK1 phosphorylation on full length p62 binding to LC3B; one of the hAtg8 proteins.

Phosphorylation of p62 at S342 specifically was then investigated by comparing the

interactions of the WT and pS342 p62 AIM peptides with the hAtg8 proteins using

related methodologies to those discussed in Chapter 4. Finally, the structural effect

of this phosphorylation was studied in the case of LC3B.

6.2 TBK1 as a putative kinase

In this experiment, full length GST-tagged p62 was expressed in BL21 (DE3) E.

coli. cells. Lysate from these cells was incubated with Glutathione Sepharose 4B

beads. The tag allowed the p62 to bind to the beads which, after washing, were

incubated with either TBK1 or a buffer control. After a wash step, the beads were

incubated with LC3B and the protein bound to the beads was detected by western

blot. Figure 6.1 shows that there was a more intense band when detecting LC3B

on the beads incubated with TBK1 than with a buffer control. This shows that
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Figure 6.1: Western blot showing the results of a p62-LC3B kinase binding assay.
This shows that after a TBK1 incubation step more LC3B remains bound to p62
than in the absence of TBK1. The p62 loading control shows that equal amounts of
p62 were initally bound to beads and the pS403 antibody indicates that S403 is only
phosphorylated in the presence of TBK1.

incubation of p62 with TBK1 leads to a stronger binding affinity for the interaction

of p62 with LC3B.

The amount of p62 detected bound to the beads was the same for the buffer

control and the TBK1+ beads as indicated by similar band intensity on the western

blot. The phosphorylation of S403 was also used as a control in this experiment

to confirm kinase activity. An antibody for the S342 phosphorylation would clearly

have been preferred but this was not available. This S403 phosphorylation was only

detected in the presence of TBK1 and not for the buffer control.

6.3 Mass Spectrometry

Native-like ESI MS was used to investigate the role of phosphorylation on the

interaction between the hAtg8 proteins and the p62 AIM. Competition experiments

were used to study the binding preference of the hAtg8 proteins for either the WT

or pS342 p62 AIM peptides. However, an issue arose in these experiments when

studying equimolar mixtures of the WT and pS342 peptides. The previous set of ESI
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Figure 6.2: ESI MS spectrum of an equimolar mixture of WT and pS342 p62 AIM
peptides in positive ion mode.

MS experiments in Chapter 4 were carried out in positive ion mode. Using the same

parameters for the experiments required in this chapter however led to significant

differences in peak intensity between WT and pS342 p62 AIM peptides when an

equimolar sample of the two peptides was injected, as shown in Figure 6.2.

To circumnavigate this issue, the negative ion mode of the spectrometer was

utilised. Optimisation of conditions in this mode allowed for relatively similar peak

intensities to be observed for the peptides in the equimolar mixture. Unfortunately,

this led to a reduction in ionisation efficiency of the hAtg8 proteins so significantly

lower peak intensities were observed for these peaks than for the peaks from the

injection of an equivalent protein sample in positive ion mode.

Study of the effect of p62 AIM phosphorylation on the individual hAtg8 proteins

was carried out by titrating the protein into an equimolar mixture of WT and pS342

p62 AIM peptides. This allowed the selectivity of a given hAtg8 protein for WT

or phosphorylated peptide to be determined by comparison of the ratio of free WT

to free pS342 peptide or by the ratio of hAtg8 bound to WT compared to pS342

peptide. In this case the quantification of binding preference focused on the ratio of

free peptides.

Figure 6.3 shows two spectra from this type of competition experiment for GABARAP,
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Figure 6.4: Graph showing data from ESI MS competition experiments for each of
the six hAtg8 proteins titrated into an equimolar mixture of the WT and pS342 p62
AIM peptides. This shows the ratio of the intensities of the unbound peptides at each
hAtg8 concentration and illustrate varying trends in binding preference.

as an example. The left-hand spectrum shows the peptides only (10 µM of each) with

the right-hand spectrum showing the same concentration of peptides after the addi-

tion of GABARAP (20 µM). It can be seen that there was a threefold reduction in the

intensity of the pS342 peptide peaks relative to the WT peaks; the 1+ charge state

of the phosphorylated peptide at 1355.24 m/z was no longer observable for example.

This indicated the preference of GABARAP to bind to the phosphorylated peptide.

Peaks corresponding to a mixture of free and bound GABARAP were also observed

with peaks corresponding to GABARAP bound to the pS342 peptide occuring at a

threefold higher intensity than those for GABARAP bound to the WT.

The ratios of unbound WT to unbound pS342 peptide were plotted at each point

throughout the full titration for each of the hAtg8 proteins in Figure 6.4. These lines

demonstrated a general trend whereby increasing the hAtg8 concentration led to a

higher ratio of free WT peptide to free pS342 peptide. The highest ratio of free WT

peptide to free pS342 peptide observed was 2.93 which occured after the addition of

20 µM GABARAP. This implied that in general the hAtg8 proteins preferentially

bound to the pS342 p62 AIM peptide over the WT, though with varying degrees of
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Figure 6.5: Graph showing data from ESI MS competition experiments for
GABARAPL2 titrated into an equimolar mixture of the WT and pS342 p62 AIM
peptides. This shows the ratio of the intensities of the unbound peptides at each
hAtg8 concentration and illustrates a binding preference for the phosphorylated pep-
tide.

selectivity. Although the gradient for these lines was small for LC3B and LC3C, the

ratio changed from 1.13 to 1.50 for LC3B and 1.20 to 1.62 for LC3C throughout the

titration which indicated a preference. There was no significant trend apparent from

the GABARAPL2 experiment so the range of tested concentrations was extended

up to 40 µM. This data is shown in Figure 6.5 and illustrates that GABARAPL2

preferentially interacts with the phosphorylated peptide at higher concentrations.

The use of negative ion mode for these studies prevented binding selectivity com-

petition experiments, as conducted for the WT p62 AIM peptide in Chapter 4, from

being carried out. These experiments were not reliable as the peak intensities of the

hAtg8 protein and hAtg8-peptide complex peaks were too low. The low intensity

resulted in low signal/noise which prevented the peaks from being reliably quantified.

6.4 Isothermal Titration Calorimetry

ITC was used to investigate the binding interaction of the pS342 p62 AIM peptide

with the hAtg8 proteins. An example of the raw applied power data and the derived

binding curve for the interaction of GABARAP with the peptide are shown in Figure

6.6. This data is shown here to illustrate the range of the quality of data in this thesis
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Figure 6.6: ITC data for the titration of the pS342 p62 AIM peptide into GABARAP.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.

that allows acceptable integrations of peak area for data analysis. The calculated

thermodynamic parameters from these experiments are shown in Table 6.1 and the

remaining raw data and binding curves used to determine these values are shown in

Appendix Figures A.19-A.23.

The thermodynamic characteristics of these hAtg8-pS342 p62 AIM interactions

can then be compared, as shown in Figure 6.7. This shows the relative contribu-

tions of the enthalpic (∆H) and entropic (-T∆S) components to the overall binding

(∆G) of these proteins. LC3A and LC3B both exhibited the largest enthalpic con-

tributions to binding as well as being the only two proteins which were shown to

have an unfavourable entropic component. However, GABARAP and particularly

GABARAPL1 have large enthalpies compared to the remaining two proteins; LC3C

and GABARAPL2. LC3C and GABARAPL2 are also the only two proteins which

presented entropically driven binding interactions with the peptide.

6.5 Nuclear Magnetic Resonance Spectroscopy

To further study the role of phosphorylation in the regulation of the hAtg8-p62

interaction, an NMR chemical shift mapping experiment was carried out. Due to
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Protein n KD ∆H
(µM) (kJ mol−1)

LC3A 0.84±0.01 2.11±0.11 -37.57±0.44
LC3B 0.97±0.01 3.08±0.19 -36.94±0.47
LC3C 0.71±0.10 6.33±1.67 -10.69±2.01

GABARAP 1.21±0.04 1.98±0.49 -18.36±0.85
GABARAPL1 0.96±0.02 1.93±0.33 -22.46±0.52
GABARAPL2 0.77±0.01 3.82±0.32 -11.55±0.28

Protein ∆S ∆G Affinity increase
kJ mol−1K−1) (kJ mol−1) compared to WT

LC3A -1.52 -32.93 2.15
LC3B -1.62 -31.99 1.25
LC3C 6.38 -30.22 2.66

GABARAP 4.60 -32.43 2.63
GABARAPL1 3.15 -32.10 1.67
GABARAPL2 6.50 -31.46 1.79

Table 6.1: ITC-derived thermodynamic parameters for the binding of the pS342 p62
AIM peptide to each of the hAtg8 proteins.

Figure 6.7: Graphs comparing ITC-derived thermodynamic parameters for the bind-
ing of the WT (top) and pS342 (bottom) p62 AIM peptide to each of the hAtg8
proteins to illustrate the differences in the enthalpic and entropic contributions to the
Gibbs free energy.
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previous NMR work published on LC3B binding to the p62 AIM, the LC3B-p62

AIM interaction was selected for study as this allowed comparison between the WT

and phosphorylated peptides. A 1H-15N-HSQC spectrum of isotopically-labelled 15N-

LC3B was first collected. The previous 1H-15N-HSQC backbone assignment of LC3B

was then transferred to the spectrum collected here [1].

The previous assignment and the assignment of the 1H-15N-HSQC collected in

this work are shown in Figure 6.8. It can be seen that there are some differences in

chemical shifts between peaks in the spectra but that the transfer of the assignment

is clear in most cases. In those cases where propogation of the assignment from

the previous data to the spectrum collected here was ambiguous, the peak was left

unassigned. This occured for seven peaks (5.6%). In the published assignment there

was only one unassigned non-prolyl residue but the assignment coverage which was

unambigously copied here is shown in Table 6.2. The RMSD was determined between

the signals in the published 1H-15N-HSQC and the corresponding signals they were

assigned to in the 1H-15N-HSQC produced here. This gave an RMSD of 0.04 ppm in

the 1H dimension and 0.10 ppm in the 15N dimension.

The titration of the pS342 p62 AIM peptide into a 15N-labeled sample of LC3B

was conducted incrementally at constant LC3B concentration until a 2:1 peptide to

protein ratio was reached. A 1H-15N-HSQC spectrum was collected at each titration

point. The 2:1 sample was used as a final titration point as the binding was saturated,

as indicated by the lack of further movement of peaks from the previous titration point

(1.2:1). The unbound and bound 1H-15N-HSQC spectra of LC3B are shown in Figure

6.9 which illustrates the chemical shift perturbations (CSPs) of the NH signals upon

binding. The full spectral overlay of each titration point produced throughout the

experiment is shown in Appendix Figure A.13.

During this titration the peaks were observed to exhibit slow exchange behaviour

which prevented the following of peaks through the titration to assign the bound

spectrum as for fast exchanging peaks. The previously published chemical shift map-

ping study by Goode et al. produced two assignments of the 1H-15N-HSQC spectra

of LC3B when bound to either a WT or L341V p62 AIM peptide. All three spectra

of LC3B bound to the differing peptides are similar though there are differences for

some peaks. Two clear examples of the differences observed are shown for the peaks

corresponding to 52Phe and 51Lys in Figure 6.10 which shows the perturbation of the

unbound peak by each of the three peptides. The perturbation caused by the pS342

peptide is more similar to the L341V peptide than the WT. By comparison of the

bound LC3B-pS342 p62 AIM 1H-15N-HSQC spectrum to the spectra of LC3B bound
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Amino Acid Type Total Assigned % Assigned

Ala 3 3 100
Arg 9 9 100
Asn 4 4 100
Asp 5 4 80
Cys 0 0 -
Gln 7 6 85.7
Glu 12 12 100
Gly 4 3 75
His 3 3 100
Ile 8 8 100
Leu 11 11 100
Lys 10 10 100
Met 5 4 80
Phe 7 6 85.7
Pro 6 0 0
Ser 9 8 88.9
Thr 6 5 83.3
Trp 0 0 -
Tyr 4 4 100
Val 12 11 91.7

All Residues 125 111 94.4
All Residues - Pro 119 111 93.3

Table 6.2: Overview of the LC3B amide backbone assignment by amino acid type
indicating that 93.3% of assignable residues have been copied from the previous as-
signment.
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Figure 6.9: Spectral overlay of the 1H-15N-HSQC spectra of unbound LC3B and pS342
p62 AIM-LC3B (2:1).

to the WT or the L341V peptide it can be seen that the pS342-bound spectrum

and the L341V-bound spectrum are most similar. This is supported by calculated

RMSD values. The RMSD values determined between the L341V-bound signals and

the pS342-bound signals were 0.05 ppm in the 1H dimension and 0.13 ppm in the
15N dimension. The equivalent values betwen the WT-bound LC3B signals and the

pS342-bound signals were calculated as 0.16 ppm in the 1H dimension and 0.98 ppm

in the 15N dimension. As such the assignment of LC3B bound to the L341V pep-

tide was copied to the pS342-bound 1H-15N-HSQC spectrum produced in this work.

Any ambigious peak correlations were left unassigned. The assigned LC3B-pS342

p62 AIM 1H-15N-HSQC spectrum is shown in Figure 6.10 along with the spectrum of

LC3B-L341V p62 AIM to illustrate the copying of assignment from this spectrum.

One exception to this similarity between the spectra of LC3B bound to the pS342

or L341V peptides exists for Leu47. Figure 6.11 shows the varying CSPs of the

peak corresponding to 47Leu which illustrates a similar shift for the WT and L341V

but a larger and differing shift upon binding to the pS342 peptide. This indicated

that the backbone amide of this residue experienced a differential change in chemical

environment when bound to the phosphorylated peptide. As this residue is now

not analogous to either of the bound spectra it had to be assigned using a closest
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Figure 6.10: 1H-15N HSQC spectra of LC3B overlaid to show the differences in spectra
depending on which p62 AIM peptide is bound. This illustrates that the spectrum
of LC3B bound to the pS342 p62 AIM peptide is most similar to the spectrum of
LC3B bound to the L341V peptide. (Top) Selected regions of the overlaid 1H-15N-
HSQC spectra of LC3B showing the protein only (black), the protein bound to the
WT peptide (green), the protein bound to the pS342 peptide (orange) or the protein
bound to the L341V peptide (red). (Bottom) Spectral overlay of the 1H-15N-HSQC
spectra of LC3B bound to the pS342 AIM peptide (orange, produced here) or the
L341V peptide (red, previously published).
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Figure 6.11: Spectral overlay of the 1H-15N-HSQC spectra of LC3B when unbound
(black), bound to the WT p62 peptide (green), bound to the pS342 (orange) or bound
to the L341V peptide (red).

unassigned procedure whereby the peak must have shifted at least as far as the closest

unassigned peak. This CSP is used for this peak as it is considered to be the minimum

possible value.

Using the signals which were unambiguously assigned in both the unbound and

bound spectra, CSP analysis was performed and the results are shown in Figure 6.12.

This graph illustrates the residues which underwent significant CSPs upon binding

to the phosphorylated peptide according to two levels of significance. There were

11 backbone NH signals with CSPs with the highest level of significance and 14 NH

signals which underwent shifts with some significance. The residues at each of the

two levels of significance were then mapped onto the crystal structure of LC3B which

is illustrated in Figure 6.13.

This binding study defined a similar binding interface to that observed previ-

ously for the WT and L341V peptide however as was previously described the pS342

AIM-bound LC3B spectrum more closely resembled the L341V AIM-bound LC3B

spectrum. This was demonstrated further by calculation of ∆CSP values which show

the difference in CSP for each residue caused by the different peptides. The average

∆CSP between the WT and phosphorylated peptide was 0.04 and the average value

between the phosphorylated peptide and the L341V peptide was 0.02. Significance

of ∆CSP values was then shown using the two levels of significance; as for the CSP
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Figure 6.12: Graph illustrating the CSP values for the binding of 15N-LC3B to the
pS342 p62 AIM peptide. The solid line denotes the limit for two standard devations
above the mean and the dotted line denotes the limit for one standard devation above
the mean.

Figure 6.13: Crystal structure of LC3B which highlights the residues with backbone
NH signals which were significantly perturbed in the 1H-15N-HSQC spectrum upon
addition of the pS342 p62 AIM peptide. This shows the residues with significantly
shifted signals which could be followed through the titration (dark blue is most sig-
nificant; light blue is some significance).
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Figure 6.14: Crystal structure of LC3B highlighted according to the degree of sig-
nificance of the ∆CSP value for each residue by comparing (A) the WT and pS342
peptides and (B) the pS342 and L341V peptides. The residues with the most sig-
nificant values are coloured red and the residues with some significance are coloured
pink.

values themselves. The significant ∆CSP values for the comparison between the phos-

phorylated peptide and the WT or L341V peptides have been mapped onto the LC3B

structure in Figure 6.14. This illustrates the clear differences in LC3B CSP between

binding to the WT and pS342 peptides which occur around the core AIM binding

region, particularly around the L-site. The significant ∆CSP values between binding

to the pS342 and L341V peptides are less pronounced around this binding site.

In addition to this chemical shift mapping experiment it was also possible to utilise
31P NMR experiments to investigate the pS342 p62 AIM-hAtg8 interaction. The 1D
31P experiment of the pS342 p62 AIM peptide is shown in Figure 6.15A. There are

two peaks present in this spectrum which can be assigned to the phosphorus atom in

the phosphate ion from the buffer (PO3−
4 ) at 1.364 ppm and the phosphorus atom in

the phosphate group on the peptide at 3.452 ppm. Figure 6.15B shows the region of

the spectrum containing the signal from the phosphorus on the peptide. This figure

also shows the same signal upon the addition of LC3B or GABARAP to the sample

which shows a smaller CSP upon binding to LC3B (0.105 ppm) and a larger CSP

upon binding to GABARAP (0.434 ppm). These CSPs indicate the phosphorus on

the peptide undergoes a small change in chemical environment upon binding to LC3B

and a larger shift in chemical environment upon binding to GABARAP.
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Figure 6.15: 31P NMR data from the study of the interaction of the pS342 p62 AIM
peptide with LC3B and GABARAP. (A) NMR spectrum of the pS342 p62 AIM
peptide (B) Selected region of the 31P NMR spectrum of the pS342 p62 AIM peptide
on its own (blue), in the presence of LC3B (red) and in the presence of GABARAP
(green).

6.6 Discussion

Kinase Binding Assay

This assay demonstrated an increase in binding affinity for full length p62 binding

to LC3B upon incubation with TBK1. This indicates that phosphorylation is mod-

ulating the interaction between the p62 AIM and LC3B. As a control, it was shown

that incubation of the GST-p62 fusion protein bound to Glutathione Sepharose beads

with TBK1 led to phosphorylation at S403 which does not occur in the absence of

TBK1. It is assumed therefore that phosphorylation also occurs at the other known

TBK1 phosphorylation sites on p62 [46, 68, 74]. However, this does not confirm the

role of specific phosphorylation sites in this increased affinity which is the reason the

specific phosphorylation site at S342 was studied further in this chapter.

Biophysical Study of the pS342 p62 AIM-hAtg8 Interaction

Negative ion mode was utilised in the ESI MS competition experiments in this

chapter as a result of the difference in peak intensity observed between the WT

and pS342 p62 AIM peptides from an equimolar mixture in positive ion mode. The

difference in peak intensity between the peptides was assumed to have been caused by

the negative charge presented by the phosphate group. Both peptides have three Asp

residues which were expected to be negatively charged at pH seven but the phosphate

group added additional negative charge to the pS342 peptide. The larger negative

charge of this peptide may have reduced the generation of overall positive ions of this
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peptide during ionisation which resulted in a 21% lower peak intensity.

As predicted, negative ion mode produced peaks with larger and more similar in-

tensities for the two peptides. Surprisingly, the phosphorylated peptide remained at

a lower intensity relative to the WT suggesting some other unknown factor was limit-

ing the ionisation of this peptide. Despite this small discrepency, corresponding to a

8% lower intensity of the pS342 peptide on average, these conditions were considered

acceptable for further experiments.

Quantitative data analysis for these experiments was then considered. Despite

the desalting procedure for these proteins some metal ions remained in the sample,

possibly due to binding to the protein. Accordingly, some ion adducts to the protein

peaks were observed, as illustrated in Figure 6.3. Quantitative analysis of these peaks

was considered less reliable as some of the ion adducts of the GABARAP-WT p62

AIM peaks contribute to the intensity of the GABARAP-pS342 p62 AIM peaks due

to peak overlap and therefore the relative contributions to the peak intensity cannot

be deconvoluted. In addition to this, as negative ion mode was required for these

experiments the signal to noise ratio of the hAtg8 proteins was much lower which

hindered analysis, particularly at low hAtg8 concentrations. So whilst the protein

peaks qualitatively implied a preference for the phosphorylated peptide, analysis of

the unbound peptide peaks allowed a clearer quantitative analysis of this preference.

Overall, the MS data indicated that the hAtg8 proteins bound preferentially to

the phosphorylated p62 AIM peptide over the WT; to some degree. The calculated

ratio of free WT to free phosphorylated peptide increased as all six hAtg8 proteins

were titrated into the sample.

To allow quantification of the observed binding preference, ITC was utilised. The

’n’ parameter derived from this fit was expected to be one due to the 1:1 binding

observed in the MS studies. There is some deviation from this value for the six inter-

actions investigated but the fits were generally deemed to be representative of the data

due to the low χ2/DoF. By averaging of the binding preferences, it was determined

that the six hAtg8 proteins bound with a two-fold preference to the phosphorylated

peptide over the WT.

Comparison of the MS ESI and ITC data illustrated an interesting constraint

within the MS competition methodology used here. There were some discrepencies

observed between the apparent order of binding preference from the MS and ITC

experiments. This was a result of the concentration range used in these experiments.

The shape of the ESI MS binding curve within a given range of hAtg8 concentrations is

influenced by the binding affinity of the protein to both peptides being investigated.
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The maximum ratio determined is indicative of the strength of binding preference

but the concentration of titrant at which this point occurs will vary between proteins

depending on the affinities. Therefore, although LC3C has a strong binding preference

for the phosphorylated peptide, this was not observed at the concentrations tested in

the ESI experiment. On the other end of the scale, GABARAPL1 has a relatively

small preference for the phosphorylated peptide but due to its higher affinities for the

peptides, the difference was observed. Therefore, this type of ESI MS competition

experiment with a smaller concentration range should only be utilised to confirm the

presence of a binding preference and not to quantify it.

Structural Characterisation using NMR

The 1H-15N-HSQC spectrum of LC3B was used as the basis of the chemical shift

mapping experiment as it serves as a fingerprint of the protein which shifts in propor-

tion to perturbations of the chemical environment. The assignment of the spectrum

of LC3B from previous work in this lab was readily transfered onto the collected spec-

trum, as indicated by the low RMSD values between the two sets of peaks. Previously

collected 3D experimental data was also reanalysed to confirm the assignment used

in this work.

Comparison of the spectra of LC3B bound to each of the three peptides (WT,

pS342 or L341V p62 AIM) showed that in most cases there was little difference be-

tween the peaks for each. This indicated a similar binding interaction for each of the

peptides and allowed for unambigious transfer of the assignment from the previous

bound spectra to the bound spectrum collected here. In the small number of cases

where there was a difference in the CSP between the different peptides, the pS342

and L341V peptides typically produced more similar CSPs than for the WT. This was

supported by lower RMSD values and lower average ∆CSP values when comparing

the pS342-bound LC3B spectrum to the L341V-bound spectrum than the WT.

The binding site for the pS342 peptide on the LC3B surface according to CSP

analysis is similar to that of the WT peptide, as illustrated in Figure 6.16. Binding

of the phosphorylated peptide to LC3B has been modelled by alteration of the WT

p62 AIM peptide-LC3B crystal structure to include the phosphate group. This fig-

ure also shows the residues with significant CSPs. The area of significant shifts is

more extensive upon binding to the phosphorylated peptide than the WT but the

core binding surface remains perturbed with a similar pattern of significance. One

difference that has been highlighted is the significant shift of His57 upon binding to
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Figure 6.16: Crystal structure of LC3B which highlights the residues with backbone
NH signals which were significantly perturbed in the 1H-15N-HSQC spectrum upon
addition of the pS342 p62 AIM peptide (left) or the WT peptide (right). The crystal
structure of the WT p62 AIM peptide binding to LC3B has been modified to include
the phosphate group on the Ser342 sidechain. This shows the residues with signifi-
cantly shifted signals which could be followed through the titration (dark blue is for
the most significant; light blue is for some significance).
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Figure 6.17: Structure of LC3B bound to the pS342 p62 AIM peptide highlighting the
binding region around the pS342 residue; annotated residues have shown significant
CSP in the NMR titration experiment. This shows the surface of the residues with
significantly shifted NMR signals in yellow and any charged atoms on the surface are
shown in red (negative) and blue (positive). The peptide structure is modelled on the
WT p62 AIM peptide structure modified to include the phosphate group and shown
in green other than oxygen atoms (red), nitrogen atoms (blue) and phosporous atoms
(orange).

the phosphorylated peptide which did not shift significantly upon binding to the WT

peptide. This residue is located on the surface of LC3B in close proximity to p62

S342 based upon the crystal structure of binding to the WT as shown in Figure 6.17.

This therefore raises the possibility of an electrostatic interaction between the posi-

tively charged side chain of the histidine and the negatively charged phosphate group

on the peptide. Leu47 was identified as the one residue which underwent a different

CSP upon binding to the phosphorylated peptide than binding to either the WT

or L341V peptides. This residue is located outside the expected core AIM binding

site and therefore implies a differential structural rearrangement upon binding to the

phosphorylated peptide.

The ∆CSP values produced by comparison of LC3B binding to the WT or pS342

p62 AIM peptide indicated that the main differences in these peptides interactions

with the protein surface occur most significantly in the region around the L-site. This

can be rationalised as the phosphorylated serine is directly adjacent to the leucine
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Figure 6.18: Graph comparing ITC-derived thermodynamic parameters for the bind-
ing of the WT and pS342 p62 AIM peptides to LC3B to illustrate the differences in the
enthalpic and entropic contributions to the Gibbs free energy from phosphorylating
the peptide.

that forms this key hydrophobic interaction so clearly this region of the LC3B peptide

would be more significantly perturbed. It is likely that the pS342 peptide binds in a

slightly different mode than the WT peptide which prevents the Leu341 of the peptide

binding tightly into the LC3B L-site, as was the case for the reduced affinity binding

of the L341V peptide. The phosphorylation at S342 leads to an alteration in this

binding site that produces a stronger affinity compared to the WT peptide whereas

the L341V mutation leads to alteration in this binding site that abbrogates affinity.

When considering the effect of phosphorylation of p62 in binding to LC3B we

may also consider the change in thermodynamic properties as determined by ITC.

These differences are shown in Figure 6.18 and indicate that phosphorylating actually

reduces the enthalpic contribution to binding but leads to a less unfavourable entropic

component. This taken alongside the NMR data may indicate a binding mode which

does not involve strong electrostatic interactions between the phosphate group and

LC3B. Instead this phosphate group may sterically guide the binding of these two

species in some way. This may be relationalised from the structure of the WT p62

AIM peptide binding to LC3B in which the side chain of this serine is directed away

from the LC3B binding site and into free solution. There may be some conformational
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Figure 6.19: Crystal structure of GABARAP bound to a peptide corresponding to
the AIM of calreticulin to show the charged residues around the leucine binding cleft
(L-site). The GABARAP surface is shown in grey other than charged atoms which
are shown in blue (positive) and red (negative). Residue annotations are shown in
white for the calreticulin peptide and black for the GABARAP surface.

flexibility though which permits transient interactions between the His57 sidechain

and the phosphate group that produced CSPs of their corresponding NMR signals in

the 1H-15N-HSQC and the 31P spectra respectively. This is supported by the more

favourable entropy term for the pS342 peptide binding determined by ITC.

The titration of GABARAP here serves as an example that the CSP of the signal

upon binding to LC3B is small and that the phosphorylation of the peptide leads

to an increase in affinity in the GABARAP subfamily via an interaction with the

protein which perturbs this phosphate more significantly. This implies a different

binding mode for these proteins which has not been further studied here. There is

one previously published structure of GABARAP bound to a calreticulin AIM peptide

which is shown in Figure 6.19 [53]. Structural comparisons are limited in their utility

here as the calreticulin peptide has a proline in the position analogous to Ser342

of p62 which leads to a peptide backbone angle unlikely in the case of the pS342

p62 AIM peptide. Additionally, whilst calreticulin has a Trp in the same position

as for p62, the x1 and x2 residues are Asp-Phe for calreticulin but Thr-His for p62

which will clearly differentiate their binding due to differences in sidechain size and

charge. However, around the analogous L-site on the GABARAP surface there are
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two areas of charge due to the side chains of Arg30 and Arg69 which may interact

with the phosphorylated sidechain of Ser342 when binding to the p62 AIM to result

in the more significant perturbation of the phosphate 31P signal upon titration of

GABARAP than LC3B.

Biological Context

Taken in totality, the evidence presented implies that phosphorylation at S342 of

p62 leads to an increase in p62 recruitment to the autophagosome through the in-

creased hAtg8-p62 AIM affinity. This presumably allows p62 to perform its important

roles in cargo recruitment and autophagosome expansion to a greater extent. TBK1

has been shown to phosphorylate at this site and has been shown in this work to

increase the p62-LC3B affinity [46]. TBK1 has been previously shown to contribute

to pathogen and mitochondrial clearance as well as affecting autophagosome matura-

tion [192, 78]. These are the two key functions played by recruitment of p62 to the

autophagosome; as a scaffold for membrane expansion and as a recptor for selective

cargo recruitment. TBK1 can therefore be said to increase specific autophagy and

autophagosome maturation by phosphorylation at S342 of p62, as well as roles at

other sites.

The data presented in this chapter has shown that:

� The binding affinity of full length p62 with LC3B is increased by phosphorylation

with TBK1.

� All six hAtg8 proteins preferentially bind to a pS342 p62 AIM peptide over the

WT, with varying degrees of preference.

� Binding of the pS342 p62 AIM peptide to LC3B occurs in the same binding site

as for the WT peptide however there are significant differences in the structural

perturbation caused by binding around the L-site due to the bulk and charge of

the phosphate group.

Phosphorylation of p62 has been studied in terms of its effect on hAtg8 binding in this

chapter. In the following chapter phosphorylation on the other side of this important

protein-protein interaction will be investigated by looking at a phosphorylation site

on one of the hAtg8 proteins; LC3B.

138



Chapter 7

Phosphorylation of LC3B for

Autophagy Regulation

7.1 Introduction

Phosphorylation of LC3B has been shown at a number of sites in high through-

put studies. Thr50 was found to be phosphorylated in this way and this site has

subsequently been investigated through a range of techniques which illustrated the

importance of this site in autophagosome-lysosome fusion. LC3B phosphorylation at

Thr50 was studied here using a phosphomimetic T50E mutant. The structures of

phosphothreonine and glutamate are shown in Figure 7.2 which shows the related but

differing size and charges of these residues. The utility of phosphomimetic mutations

can be debated though as there are clear differences between a phosphate group and

the side chain carboxylic acid of a glutamate amino acid. The pKa values of the

two groups are different, they have different charges and can form hydrogen bonds

in differing orientations and strengths. Therefore, evidence to support the use of a

phosphomimetic mutation instead of incorporation of a phosphate must be presented

before conclusions can be drawn from the use of a phosphomimetic in biophysical

studies.

Knockout (KO) of STK3 and STK4 kinases was shown to result in a loss of function

in cells; namely a block in autophagosome-lysosome fusion [3]. These kinases were

shown to phosphorylate LC3B at T50. Expression of LC3B T50E was shown to recover

activity lost by this knockdown which suggests that in this case the phosphomimetic is

an appropriate approximation to the phosphothreonine. This is illustrated in Figure

7.1 taken from that work which shows that STK3/4 KO leads to an increased number
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Figure 7.1: Graph published by Wilkinson et al. illustrating autophagy impairment
due to loss of the STK3/4 kinases or from the LC3B T50A mutation and the restora-
tion of autophagy by the LC3B T50E mutation. LC3 puncta were quantified using
confocal fluorescence microscopy as the protein was tagged with GFP. Increased num-
bers of LC3 puncta in a cell indicates a blockage in autophagy. This graph was taken
from Ref [3].

of LC3 puncta per cell. This is indicative of a blockage in autophagic flux as the

LC3 accumulated without being degraded after fusion with the lysosome. The T50A

mutant is phospho-null and this therefore showed that prevention of phosphorylation

at this site produced a related increase in LC3 puncta. The data from the T50E

mutant therefore showed that the glutamate at this site allowed reuglar autophagic

flux to be maintained regardless of the STK3/4 KO. This supports the use of the

phosphomimetic in these biophysical studies to understand the mechanism of action

of the phosphorylation.

Mutation of Thr50 to a Glu residue has been modelled on the LC3B-p62 AIM pep-

tide crystal structure in Figure 7.3; showing the location of the incorporated charge

on the surface. This was considered to be representative of the same change in sur-

face charge caused by the phosphorylation, which was modelled previously in Figure

1.8. This shows the negative charge which has been added to the surface due to the

carboxylate group of glutamate which is considered a mimetic of the charge from the

phosphate group. This is in close proximity, based on the structure of the binding

of the WT p62 AIM peptide, to the negatively charged aspartate residues of the p62

AIM. In particular this area of introduced charge could shield the electrostatic effects

of Asp335 and Asp337 in their interactions with positive charge on the LC3B sur-
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Figure 7.2: Chemical structures of phosphothreonine and glutamate amino acid
residues as part of a protein structure to illustrate their similar size and charge despite
some differences.

Primer (5’-3’) Sequence

LC3B T50E Forward TCTGGATAAAGAAAAGTTCCTTGTACCTG

LC3B T50E Reverse ACAGGAAGCTGCTTCTCA

Table 7.1: Primer sequences for the site-directed mutagenesis of LC3B.

face. Based on these structures it was predicted that this phosphomimetic mutation

would decrease affinity for peptides which include acidic amino acid residues in these

positions preceding the core AIM motif, as is the case for p62.

7.2 Mutagenesis

Site-directed mutagenesis was used to substitute bases within the LC3B insert in

the pGEX-4T-1 vector for the T50E mutation, using the primers in Table 7.1. Colonies

were then picked and cultured for plasmid DNA purification. The resulting DNA was

sent for sequencing to confirm the substitution. Once confirmed, the DNA of this

new LC3B T50E construct was transformed into BL21 (DE3) chemically competent

E. coli cells.

7.3 Protein Over-expression

Over-expression of this new protein construct was tested using the same method-

ology and conditions as for the WT protein. Small scale expression tests showed

that this construct expressed well after IPTG induction (1 mM) at 18ºC overnight,

as shown in Figure 7.4. This SDS-PAGE gel shows a clear expression band in the

samples collected after overnight induction which runs at a similar rate to the 40 kDa
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Figure 7.3: Crystal structure of LC3B bound to a peptide representing the AIM of
p62 modified to include the LC3B T50E phosphomimetic mutation (modified from
2ZJD). This illustrates the predicted disruption of electrostatic interactions in this
area upon the introduction of the negatively charged sidechain of GLu50. The LC3B
surface is coloured according to charge: atoms with positive charge in blue, atoms
with negative charge in red and the remaining surface is grey. The p62 peptide is
coloured green with nitrogen atoms in blue and oxygen atoms in red.
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Figure 7.4: SDS PAGE gel showing the expression test of LC3B T50E. The red box
highlights the relevant protein band. Lane loading: M) Markers 1) Uninduced total
lysate 2) Uninduced soluble lysate 3) Total lysate after overnight induction 4) Soluble
lysate hours after overnight induction.

marker. This was expected for the GST-tagged LC3B T50E construct which has a

predicted protein mass of 41026.6 Da. The gel also shows no clearly observable ’leaky

expression’ of the protein before induction. As there appears to be equal amounts

of protein in the total and soluble fractions after overnight induction; it can also be

surmised that expression of insoluble protein is minimal.

7.4 Protein Purification

LC3B T50E has been purified using the same three-step chromatographic method

as for the WT protein. This involved an initial affinity chromatography step followed

by IEX and then SEX chromatography. Protein samples from throughout this process

were separated and visualised on SDS-PAGE gels which are shown in Figure 7.5. The

affinity chromatography step utilised Glutathione Sepharose 4B beads to capture the

GST-tagged protein from the cell lysate shown in lane one. The GST-tagged protein

bound to the beads is shown in lane two and the beads after thrombin cleavage are

shown in lane three. The protein sample eluted from the beads is shown in lane

four which shows the desired LC3B T50E protein which appears at a slightly higher

molecular weight than the 15 kDa marker as well as some other protein contaminants.

LC3B T50E has an expected protein mass of 14716.04.

As for the WT, the remaining two chromatographic steps utilise FPLC. In order
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Figure 7.5: SDS PAGE gels showing purification of LC3B T50E from cell lysate.
Left-hand gel (A) shows the affinity chromatography step, cropped from a single gel.
Lane loading: M) Markers 1) Soluble cell lysate 2) Glutathione sepharose beads after
incubation with cell lysate 3) Glutathione sepharose beads after overnight incubation
with thrombin 4) Elution from beads after cleavage. The right-hand gel (B) shows
pure protein fractions eluted from the IEX chromatography step. Lane loading: M)
Markers 5-9) IEX elution fractions.

for IEX chromatography to be carried out the theoretical pI of the protein was first

calculated, based on its sequence using the EXPASY Prot Param server, to be 7.97.

Based upon this value the LC3B T50E protein was predicted to be positively charged

in Ion Exchange Buffers A and B (see Table 2.1) which have a pH of 7. As such the

protein sample eluted from the Glutathione Sepharose 4B beads was applied to an

SP column, as for the WT. After a washing step in Ion Exchange Buffer A, protein

bound to the matrix was eluted using a salt gradient. An SDS PAGE gel of eluted

fractions is shown in Figure 7.5 which shows the pure protein.

The SEX chromatography step was then used to exchange the protein into the

Desalt/MS Buffer (see Table 2.1). The ammonium acetate in this solution was then

removed from the sample by repeated lyophilisation due to its volatility. This pro-

duced a protein sample, devoid of any other sample components such as buffer or salt,

as a solid which was resuspended into the desired buffers for the following experiments

in this chapter.

ESI MS was used to confirm the protein identity and purity. The protein was resus-

pended in Desalt/MS Buffer and the spectrum produced from this sample is shown in

Figure 7.6A. The deconvoluted mass from this experiment was 14860.32±0.55 which

is close to the expected mass of 14860.16. This also shows a relatively small amount

of salt adduct peaks and no other components in the sample. This protein sample
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Figure 7.6: ESI MS spectrum of LC3B T50E to confirm sample identity and purity.
(A) ESI MS of LC3B T50E (10 µM) showing the m/z values of the various charge
states of the protein; (B) ESI MS of a mixture of WT and T50E LC3B (both at 10
µM) with an insert to illustrate the distinction between peaks.

was therefore considered to be of sufficient purity to support its use in further experi-

ments. Figure 7.6B shows the ESI MS spectrum of an equimolar mixture of WT and

T50E LC3B to show the presence of two separate proteins which confirms the T50E

mutation.

7.5 Initial protein characterisation

CD spectroscopy was used as an initial test of protein folding after the mutation

and also to allow comparison with the WT protein. LC3B T50E was resuspended in

CD Buffer (see Table 2.1) and the CD spectrum of this sample is shown in Figure 7.7.

There are clear indications of secondary structural elements present in this spectrum

as signified by the occurence of differential absorbances occurring at wavelengths of

light other than the minimum at around 200 nm typical of a random coil. This can

be considered indicative of a folded protein.

The similarity of the T50E spectrum with that of the WT, also shown in Figure

7.7, indicated that the two proteins share similar proportions of secondary structural

elements and therefore overall structure. Estimation of the proportion of each sec-

ondary structural element present in LC3B T50E was carried out from this spectrum

using CDNN software. The results from this fitting process are shown in Table 7.2
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Figure 7.7: Overlay of CD spectra from WT LC3B (black) and T50E LC3B (red) to
show the similarity of these spectra which indicated a similar protein fold.

T50E Calculated WT Calculated WT Predicted

α-helix 33% 29% 29%
β-strand 25% 20% 21%

Table 7.2: Proportion of secondary structural elements present in the WT and T50E
LC3B proteins as calculated from CD data by CDNN compared to the expected values
based on structures from the PDB.

along with the previously determined values for LC3B and the predicted values for

comparison. This data indicates there was a slightly different protein fold present for

LC3B T50E than was observed for the WT though these differences may be considered

within the error of this analysis.

The melting transition of LC3B T50E was also investigated using CD spectroscopy

as a further point of comparison with the WT protein. The determined melt curves

for the WT and T50E proteins are shown in Figure 7.8 by following the MRE for

each protein at 210 nm. This produced a Tm value of 60.7ºC for LC3B T50E with

the value for the WT being evaluated at 57.2ºC.

1D 1H NMR was utilised here as a further tool for investigation of protein fold-

ing. LC3B T50E was resuspended in NMR Buffer (see Table 2.1) and the spectrum

produced from this sample is shown in Figure 7.9. As before the dispersion of amide

protons and the presence of upshifted methyl peaks are a good indication of protein

folding.

This technique is also useful in the study of a protein after mutagenesis as it allows
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Figure 7.8: Melt curves of the WT and T50E LC3B proteins derived from CD thermal
denaturation experiments which allow calculation of Tm values.

a comparison of the new protein construct with the WT. Overlaying and comparison

of the 1D 1H NMR spectra of the WT and T50E proteins has been utilised as an initial

investigation into the effect of this mutation. Also shown in Figure 7.9 is the 1D 1H

spectrum of the WT LC3B protein in order to make this comparison. Although these

two proteins produce relatively similar spectra there are some clear differences. The

upfield shifted methyl peaks from both spectra provide the easiest point of analysis

where there is clearly a difference in chemical shift which is indicative of different

packing of these methyls in the hydrophobic core of the protein. There were also

observable shifts in the amide region of the spectrum but the shifts in the spectra are

present throughout.

7.6 Effect on p62 binding

7.6.1 Mass Spectrometry

A native-like ESI MS competition experiment was initially used to investigate

the effect of the LC3B T50E mutation on p62 AIM binding. In this experiment

the WT p62 AIM peptide was titrated into an equimolar mixture of LC3B WT and

LC3B T50E and the intensities of peaks corresponding to free and bound protein were

monitored.

The initial spectrum before the addition of the peptide and the spectrum at a
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Figure 7.10: ESI MS spectra showing the competition experiment for the WT p62
AIM peptide binding to either WT LC3B or T50E LC3B. Left-hand spectrum: Sam-
ple containing LC3B and LC3B T50E (10 µM) which shows the proteins in their
observed charge states; right-hand spectrum: sample containing LC3B and LC3B
T50E (10 µM) and the WT p62 AIM peptide (10 µM) which shows a mixture of
peaks corresponding to bound and free protein. Peaks are labelled by the peptide
they correspond to, as shown in the legend.
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Figure 7.11: Graphs showing data from the ESI MS competition experiment for the
WT p62 AIM peptide titrated into an equimolar mixture of WT LC3B and T50E
LC3B. This shows the ratio of bound to free protein at each peptide concentration
and illustrates a binding preference for LC3B over the phosphomimetic LC3B T50E
protein.

subsequent titration point in this experiment are shown in Figure 7.10. The spectrum

for the 10 µM titration point shows that the intensity of the unbound T50E peaks

were higher than the intensity of the unbound WT peaks and subsequently the bound

T50E peaks had a lower intensity than the bound WT peaks.

The ratios of bound to unbound protein at each titration point have been deter-

mined and are displayed in Figure 7.11. This shows that at each titration point the

ratio of bound to free WT LC3B is higher than for the T50E protein. At the 10

µM titration point, the WT protein had a ratio 4.6 times greater than for the T50E

mutant. This indicates that the WT p62 AIM peptide is preferentially binding to

WT LC3B over the phosphomimetic T50E mutant.

7.6.2 Isothermal Titration Calorimetry

ITC was used to investigate the interaction of LC3B T50E with the WT p62 AIM

peptide. To achieve this peptide aliquots were sequentially injected into a protein

sample and the heat change due to their interaction was detected. This data is shown

as applied power in Figure 7.12 which also shows the integrals of the heat spikes

plotted and fitted. The calculated thermodynamic parameters from this experiment

are also tabulated in this figure. The ’n’ value produced from this fit varies from the

expected value by 3% and the errors for the other parameters are ≤10% different from

the fitted value. Additionally, the fits in all cases produced low χ2/DoF values so the
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Protein n KD (µM) ∆H (kJ mol−1)

LC3B T50E 1.03±0.03 7.69±0.77 -33.38±1.36
LC3B WT 0.92±0.03 3.83±0.41 -44.85±1.83

Protein ∆S (J mol−1K−1) ∆G (kJ mol−1)

LC3B T50E -1.21 -29.68
LC3B WT -4.39 -31.41

Figure 7.12: ITC data for the titration of the p62 WT AIM peptide into LC3B
T50E. The applied power raw data is shown in the top panel showing peaks for each
peptide injection. A plotted binding curve from the integration of these peaks and a
line showing the fit of this data is shown in the bottom panel. The table shows the
ITC-derived thermodynamic parameters produced from fitting this data..

fit can be considered satisfactory. The KD value determined here of 7.69±0.77 µM

can be compared with that for LC3B WT (3.83±0.41 µM) to support the preferential

binding of this peptide to the LC3B WT over the T50E mutant.

Figure 7.13 shows the enthalpic and entropic contributions to the binding inter-

action for the WT p62 AIM peptide binding to WT and T50E LC3B. It can be seen

that the reduction in binding affinity was driven by a decrease in enthalpy despite

some compensation from the entropy becoming less unfavourable.

7.7 Discussion

After succesful mutagenesis, the phosphomimetic T50E LC3B mutant was over-

expressed using the same E. coli expression system as was used for the WT; discussed
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Figure 7.13: Graph comparing ITC-derived thermodynamic parameters for the bind-
ing of the WT p62 AIM peptide to WT or T50E LC3B to illustrate the differences in
the enthalpic and entropic contributions to the Gibbs free energy.

in Chapter 3. Despite having a lower predicted pI value than the WT protein, the

T50E mutant was also able to bind to an SP IEX column and therefore the same

purifcation methodology was used as for the WT.

MALDI MS was previously used to confirm protein identity however due to the

substantial differences between observed and predicted mass in those experiments

this method was not used to confirm the protein mass here. As there is only a small

difference in mass between the WT and T50E LC3B proteins, MALDI MS would

have been unable to confirm the different mass of the mutated protein. Construct

identity and purity was instead confirmed using ESI MS which showed the protein

to have the expected mass and to be sufficiently pure for further study. The over-

expression, purification, lyophilisation and subsequent resuspension of LC3B T50E

was deemed to produce folded protein based upon the CD and NMR spectra produced

after these processes. These spectra showed characteristic signals of folded protein

such as differential absorbance at wavelengths other than 210 nm in the CD spectrum

and the presence of upfield shifted methyl signals and dispersed amide peaks in the
1H NMR spectrum.

These experiments also allowed the structural comparison of the WT and T50E

LC3B constructs. The CD spectra of the two proteins appeared near identical in
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Figure 7.14: Crystal structure of LC3B showing the bulk of either threonine (left)
or glutamate (right) at position 50 in the structure. The two structures are shown
in cartoon representation other than the highlighted residues whose side chains are
shown as spheres. The sidechains are coloured green other than the negatively charged
oxygen atoms on the glutamate sidechain.

terms of both lineshape and magnitude which would indicate minimal perturbation

to protein secondary structure elements from the mutation. The Tm values produced

for the WT and T50E LC3B proteins from the CD thermal denaturation experiments

are similar but the T50E protein was determined to be more stable by 3.5ºC. Deter-

mination of the Tm from this data suffers from a sampling problem which leads to a

binding curve that is not well defined. These values should therefore be considered

as estimates that show the proteins have a similar Tmvalue. The errors and biases

of analysis using CDNN were discussed in Section 4.3 and the values produced from

this analysis here should be considered within the range of error; indicating similar

proportions of secondary structure for the WT and T50E proteins.

The WT and T50E LC3B proteins produced similar 1D 1H NMR spectra with

some differences. Throughout the spectra there appeared to be similar peaks with

related peak shapes and sizes which have been shifted along the spectra slightly or in

some cases the line width is altered. The peak shapes of the upfield shifted methyls

for example were very similar but simply with slightly different chemical shifts. The

peak at -1.15 ppm shifted to -1.08 ppm and the peak at -0.181 ppm shifted to -0.195

ppm for example. This indicated that the packing of these methyls, which produces

the upfield shifts, has been perturbed due to this mutation.
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There is therefore a potential contradiction within these data whereby CD spec-

troscopy indicates the WT and mutant protein have the same structure but NMR

shows that some of the signals experience a different chemical environment due to the

mutation. However, these data can be explained by the sensitive nature of NMR ex-

periments whereby small perturbations in the protein fold are too slight to affect the

CD spectrum as they do not significantly alter the proportions of secondary structure

elements present but alter the chemical environment of some atoms sufficiently for

NMR detection. Overall, this indicated that these proteins have a similar structure

but the incorporation of a larger, charged amino acid at position 50 has perturbed the

structure to some unknown though small degree. Figure 7.14 shows the bulk of Thr

and Glu within the context of their positions in LC3B which supports the proposition

that this mutation would shift the structure of the protein due to sterics as well as

charge. It might be that this bulk shifts the N-terminal helices due to their proximity.

As this phosphomimetic mutation has been shown to reconstitute activity from the

STK3 and STK4 KO, the assumption is that this small shift in structure mimics the

effect on the structure of phosphorylation at T50. Therefore, further study of this

structural shift was not pursued here.

Both MS and ITC experiments support the assertion that the WT p62 AIM pep-

tide preferentially bound to WT LC3B over the T50E phosphomimetic mutant. The

ITC-derived KD values indicated that the interaction of the peptide was twice as

strong for WT as for T50E LC3B. Additionally, the phosphomimetic mutation pro-

duced a species with a lower charge than for a phosphate group so the true effect from

phosphorylation at this site may be greater than observed here.

LC3B has been shown to interact with a high affinity to the p62 AIM and this

interaction is thought to be important for recruiting p62 filaments to the autophago-

some membrane to allow them to function as a scaffold for membrane expansion and

for the selective recruitment of autophagy cargo [59, 49, 74, 189]. Phosphorylation at

T50 also links LC3B with autophagosome-lysosome fusion, presumably by increasing

the affinity of LC3B for some autophagy adapter protein or proteins which has not

yet been determined [3].

The hypothesis therefore is that STK3/4 phosphorylation at T50 operates as a

switch for LC3B between these two functions. As this phosphorylation is needed

for fusion to occur optimally then it can be assumed that WT LC3B has a reduced

affinity for whichever autophagy adapter protein or proteins that mediate this role

whilst non-phosphorylated LC3B interacts strongly with the p62 AIM. At some point

STK3/4 phosphorylation is increased, by some spatiotemporal upregulation or selec-
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tivity, leading to a decreased affinity of LC3B for p62 and presumably an increased

affinity for the autophagy adapter protein or proteins.

The final piece to confirm this would be the identification of an autophagy adapter

which mediates autophagosome-lysosome fusion through binding to phosphorylated

LC3B. One potential candidate for this role is PLEKHM1 which has been shown to

be involved in autophagosome-lysosome fusion [30]. This study by McEwan et al.

showed that PLEKHM1 immunoprecipitated LC3B from cell lysate through binding

at its AIM domain. This work also demonstrated that genetic loss of the PLEKHM1

impeded autophagic flux at the point of autophagosome-lysosome fusion. Therefore,

PLEKHM1 may be the autophagy adapter involved in this switching of LC3B binding

but further work is required.

The data presented in this chapter has shown that:

� The LC3B T50E phosphomimetic mutant protein was produced.

� Structural comparison between the WT and T50E LC3B structures indicates a

small shift in structure due to the mutation.

� The WT p62 AIM peptide binds preferentially to the WT LC3B protein over

the phosphomimetic T50E LC3B.

This chapter and the previous one have investigated two modes by which this im-

portant protein-protein interaction can be regulated to control autophagic flux. The

following chapter however will look at how this interaction is dysregulated by a mu-

tation and how that dysregulation may contribute to disease.
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Chapter 8

Autophagic Dysregulation by a

Disease-related Mutant

8.1 Introduction

The ALS-related L341V p62 mutation studied in this work had been considered

benign before its more thorough study both by biophysical techniques and live cell

imaging studies. The structures of leucine and valine residues are shown in Figure

8.1. This shows the key differences in these residues in terms of both size and shape

despite them both being medium-sized hydrophobic amino acids.

The previous study of the interaction between the L341V peptide and LC3B sug-

gested that the β-branching of valine, as opposed to the γ-branching of leucine, pre-

cludes its ability to tightly bind into the L-site on the LC3B surface.

The NMR titration data in that study indicated that the residues which form the

L-site on LC3B were differentially perturbed upon binding to the L341V peptide than

for the WT. Differences in perturbation indicate differences in binding mode and in

this case it indicated more significant reorganisation of the protein to accomodate the

L341V peptide due to steric clashes.

This chapter presents results from an investigation into the binding interactions

of the L341V p62 AIM peptide with all six hAtg8 proteins. MS and ITC were utilised

to study the L341V peptide as this allowed direct comparison to the results collected

using the WT peptide in Chapter 4. This work has determined affinities and relative

selectivity for each of the hAtg8 proteins binding to the L341V p62 AIM peptide and

also produced a measure of the thermodynamic properties of these interactions.
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Figure 8.1: Chemical structures of leucine and valine amino acid residues as part of a
protein structure to illustrate the change in size and shape which the L341V mutation
represenets.

8.2 Effect of the p62 L341V mutation

8.2.1 Mass Spectrometry

Native-like ESI MS competition experiments were initially used to investigate the

effect of the L341V p62 mutation. A related competition experiment setup to that

used to investigate the effect of phosphorylation in Chapter 6 was used here. In these

titration experiments each hAtg8 protein was separately titrated into an equimolar

mixture of WT and L341V p62 AIM peptide and the relative ratio of the intensity of

peaks corresponding to the unbound peptides was monitored.

The spectra for the initial equimolar mixture of the peptides and a subsequent

titration point for GABARAP, as an example, are shown in Figure 8.2. This shows

the reduction in the relative intensity of the two peaks corresponding to the WT

peptide compared to the L341V peptide upon addition of GABARAP. This implies

that GABARAP is selectively binding to the WT peptide over the L341V peptide.

Peaks for the free and bound GABARAP protein can also be observed however due

to the similar m/z values there was not a clear distinction between the peaks for

GABARAP bound to the WT or L341V peptide.

This work was then expanded to explore the effect of the mutation on binding to

each of the hAtg8 proteins through a full titration experiment. Graphs showing the

data from the titration of each hAtg8 into an equimolar mixture of WT and L341V

peptide are shown in Figure 8.3. These graphs show the ratio of free WT peptide to

free L341V peptide at varying hAtg8 concentration. Some data points were removed

as they were clear outliers.

The general trend followed by LC3A, LC3B, GABARAP and GABARAPL1 shows

157



F
ig

u
re

8.
2:

E
S
I

M
S

sp
ec

tr
a

sh
ow

in
g

th
e

co
m

p
et

it
io

n
ex

p
er

im
en

t
fo

r
th

e
W

T
or

L
34

1V
p
62

A
IM

p
ep

ti
d
e

b
in

d
in

g
to

G
A

B
A

R
A

P
.

L
ef

t-
h
an

d
sp

ec
tr

u
m

:
S
am

p
le

co
n
ta

in
in

g
th

e
W

T
an

d
L

34
1V

p
62

A
IM

p
ep

ti
d
es

(1
0
µ

M
)

w
h
ic

h
sh

ow
s

th
e

p
ep

ti
d
es

in
th

ei
r

tw
o

ob
se

rv
ed

ch
ar

ge
st

at
es

;
ri

gh
t-

h
an

d
sp

ec
tr

u
m

:
sa

m
p
le

co
n
ta

in
in

g
th

e
W

T
an

d
L

34
1V

p
62

A
IM

p
ep

ti
d
es

(1
0
µ

M
)

an
d

G
A

B
A

R
A

P
(3

0
µ

M
)

w
h
ic

h
sh

ow
s

th
e

ch
an

ge
in

re
la

ti
ve

in
te

n
si

ty
of

th
e

tw
o

p
ep

ti
d
es

.
P

ea
k
s

ar
e

la
b

el
le

d
b
y

th
e

p
ro

te
in

,
p

ep
ti

d
e

or
p
ro

te
in

-
p

ep
ti

d
e

co
m

p
le

x
th

ey
co

rr
es

p
on

d
to

,
as

sh
ow

n
in

th
e

le
ge

n
d
.

D
u
e

to
th

e
ov

er
la

p
of

th
e

tw
o

p
ro

te
in

-p
ep

ti
d
e

co
m

p
le

x
p

ea
k
s

th
ey

ar
e

si
m

p
ly

la
b

el
ed

as
b
in

d
in

g
to

b
ot

h
p
62

A
IM

p
ep

ti
d
es

.

158



Figure 8.3: Graph showing data from ESI MS competition experiments for each of
the six hAtg8 proteins titrated into an equimolar mixture of the WT and L341V p62
AIM peptides. This shows the ratio of the intensities of the unbound peptides at each
hAtg8 concentration and illustrate varying trends in binding preference.

that as the hAtg8 concentration was increased the ratio of unbound WT peptide to

unbound L341V peptide decreased. This is indicative of these hAtg8 proteins binding

preferentially to the WT p62 AIM peptide over the L341V peptide.

The data collected from the LC3C or GABARAPL2 titrations show only a weak

trend in binding preference among the peptides. During this titration the ratio of un-

bound WT peptide to unbound L341V peptide remained relatively unchanged which

was indicative of a similar binding affinity for the interaction of these proteins with

either of the two peptides.

In addition to studying these alterations in affinity to a single hAtg8 it was also

possible to look at changes in selectivity amongst the proteins resulting from the

L341V p62 mutation. These selectivity experiments were carried out using the same

methodology as for the WT peptide competition experiments (Section 4.2.1) in which

the peptide is titrated into an equimolar mixture of either the LC3 or GABARAP

subfamily. The experiments were again split into the two subfamilies due to the

congestion and subsequent peak overlap of attempting to investigate all six proteins

together. Additionally, this allowed for comparison of the results with those for the

WT peptide.

Figure 8.4 shows the spectra for two points during the titration of the L341V p62

159



F
ig

u
re

8.
4:

E
S
I

M
S

sp
ec

tr
a

sh
ow

in
g

th
e

co
m

p
et

it
io

n
ex

p
er

im
en

t
fo

r
th

e
L

C
3

su
b
fa

m
il
y

b
in

d
in

g
to

th
e

L
34

1V
p
62

A
IM

p
ep

ti
d
e.

L
ef

t-
h
an

d
sp

ec
tr

u
m

:
S
am

p
le

co
n
ta

in
in

g
th

e
th

re
e

L
C

3
su

b
fa

m
il
y

p
ro

te
in

s
(1

0
µ

M
)

w
h
ic

h
sh

ow
s

th
e

p
ro

te
in

s
in

th
ei

r
va

ri
ou

s
ch

ar
ge

st
at

es
;

ri
gh

t-
h
an

d
sp

ec
tr

u
m

:
sa

m
p
le

co
n
ta

in
in

g
th

e
th

re
e

L
C

3
su

b
fa

m
il
y

p
ro

te
in

s
(1

0
µ

M
)

an
d

th
e

L
34

1V
p
62

A
IM

p
ep

ti
d
e

(4
0
µ

M
)

w
h
ic

h
sh

ow
s

th
e

p
ro

te
in

s
an

d
th

e
p
ro

te
in

-p
ep

ti
d
e

co
m

p
le

x
es

in
th

ei
r

va
ri

ou
s

ch
ar

ge
st

at
es

.
P

ea
k
s

ar
e

la
b

el
le

d
ac

co
rd

in
g

to
th

e
p
ar

ti
cu

la
r

p
ro

te
in

or
p
ro

te
in

-p
ep

ti
d
e

co
m

p
le

x
th

ey
co

rr
es

p
on

d
to

as
sh

ow
n

in
th

e
le

ge
n
d
.

160



AIM peptide into an equimolar mixture of the LC3 subfamily. Figure 8.6A then shows

the graphed results from this experiment where the ratio of bound to free protein

was plotted for each peptide concentration. LC3A and LC3B appeared to bind to

the peptide with a similar affinity as the determined ratios for these proteins were

similar at each titration points.The final titration point indicated a slight preference

for LC3A. LC3C was shown to bind with a lower affinity as the ratios determined for

this protein were substantially less than for LC3A and LC3B.

The results of the equivalent competition experiment for the GABARAP subfamily

are shown in Figure 8.6B and the spectra for two titration points in this experiment

are shown in Figure 8.5. This set of titration experiments shows the L341V peptide

interacting with GABARAP and GABARAPL1 with a similar affinity. There may

have been a small potential preference for GABARAPL1 as it had a slightly higher

bound to free ratio at each titration point. GABARAPL2 appears to have the lowest

affinity for this peptide due to its significantly lower bound to free protein ratios.

A further competition experiment was carried out to compare the relative affinities

of these two subfamilies for the L341V p62 AIM peptide. In this series, the peptide

was titrated into an equimolar mixture of LC3A and GABARAP. As for the WT

peptide, the selection of these hAtg8 proteins as representative of their group was

arbitrary.

Figure 8.8 shows the graphed results from this titration and Figure 8.7 shows

the spectra for two titration points. As the peptide concentration was increased, the

relative level of bound GABARAP increased compared to LC3A. For the final titration

point these ratios were 4.3 for LC3A and 6.7 for GABARAP which indicated a binding

preference for GABARAP. This is a switch in binding preference from the WT peptide

which preferentially interacted with LC3A over GABARAP (Section 4.2.1).

8.2.2 Isothermal Titration Calorimetry

ITC was used here to investigate the interaction of the hAtg8 proteins with the

L341V p62 AIM peptide. Example data from the experiment into the interaction

of GABARAP with the L341V p62 AIM peptide is shown in Figure 8.9. The fitted

thermodynamic parameters from all six hAtg8 proteins are shown in Table 8.1 and

the other five binding curves used to determine these parameters are shown in Ap-

pendix Figures A.24-A.28. This table also shows a measure of comparison between

the KD value produced in these experiments and those for binding to the WT peptide,

determined in Section 4.2.2.
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Figure 8.6: Graphs showing the results of the ESI-MS competition experiments as the
p62 WT AIM is titrated into an equimolar sample of the hAtg8 proteins to compare
binding within each subfamily. Top graph (A) is for the LC3 subfamily and the
bottom graph (B) is for the GABARAP subfamily. These graphs show a lower degree
of selectivity for binding to the L341V p62 AIM peptide than was observed for the
WT peptide.
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Figure 8.8: Graph showing the results of the ESI-MS competition experiment as the
L341V p62 AIM peptide is titrated into an equimolar sample of LC3A and GABARAP
(10 µ) which shows a preference in binding for GABARAP.

Figure 8.9: ITC data for the titration of the L341V p62 AIM peptide into GABARAP.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.
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The interaction between GABARAPL1 and the L341V peptide was shown to have

the lowest KD value of the hAtg8 proteins which indicates the strongest binding inter-

action; as was the case for the WT peptide. However, GABARAPL1 was not shown to

bind with a significantly higher affinity than GABARAP in these experiments. LC3C

also remained the protein with the weakest binding interaction with the peptide after

the mutation. A two-fold difference in binding affinity was determined between the

GABARAPL1 and LC3C interactions with the L341V peptide.

The general trend observed from this data was a reduction in binding affinity for

the interactions of the hAtg8 proteins with the L341V p62 AIM peptide compared

to the WT. The two exceptions to this were for LC3C which produced a 1.5-fold

stronger binding interaction to the L341V peptide and GABARAPL2 which did not

significantly change. The ITC-derived KD value for the interaction between LC3B

and the p62 AIM was the most strongly affected by this mutation.

The thermodynamic parameters produced by the fitting of this data for each

hAtg8 protein are shown in Figure 8.10. This shows the relative contributions of the

enthalpic (∆H) and entropic (-T∆S) components to the overall binding (∆G) of these

proteins. Both the enthalpic and entropic terms were favourable, to varying degrees,

for all six interactions studied.

All of the interactions were enthalpically driven, with the interaction of LC3A pro-

ducing the highest enthalpic contribution in its interaction with the peptide. LC3A

also had the smallest entropic contribution to its overall affinity. Although enthalpi-

cally driven, the entropic components for LC3B and GABARAPL2 were almost the

same magnitude as their enthalpy components, with LC3B having the largest entropy

component of the hAtg8 proteins.

8.3 Discussion

Biophysical Study of the L341V p62 AIM-hAtg8 Interaction

The ESI MS competition experiments for the individual hAtg8 proteins indicated

that LC3A, LC3B, GABARAP and GABARAPL1 show a binding preference for the

WT peptide over the L341V peptide by varying factors up to a twofold preference.

LC3C and GABARAPL2 did not show a clear preference for either peptide at the

concentrations investigated.

As well as the effect on the specific hAtg8 proteins from the L341V mutation,

the relative binding selectivity was also investigated. The LC3 subfamily titration
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Figure 8.10: Graph comparing ITC-derived thermodynamic parameters for the bind-
ing of the L341V p62 AIM peptide to each of the hAtg8 proteins; to illustrate the
differences in the enthalpic and entropic contributions to the Gibbs free energy change.

did not distinguish between LC3A and LC3B in their affinity for the L341V peptide

however it did indicate that LC3C was bound with the lowest affinity. At the 20 µM

titration point, there was a fourfold difference between the ratios of LC3A/LC3B and

LC3C. The GABARAP subfamily titration indicated the following order of binding

preference: GABARAPL1 ≥ GABARAP > GABARAPL2. The difference between

GABARAP and GABARAPL1 was not significant however the ratios for these two

proteins were twofold higher than for GABARAPL2. Finally the L341V peptide was

shown to preferentially bind to GABARAP over LC3A with a 1.5-fold difference in

the bound ratios. These ESI-MS competition experiments therefore indicated that

the L341V p62 AIM peptide used in this work preferentially bound to GABARAPL1

amongst all six hAtg8 proteins.

This ESI MS data suggested the following order of binding preference: GABARAP-

L1 > GABARAP > LC3A ∼ LC3B > LC3C. GABARAPL2 was shown to have a

lower affinity than GABARAP and GABARAPL1 however its affinity in relation to

the LC3 subfamily was not determined in these MS experiments. In both subfamilies,

the ratios of bound to free protein had more similar values when binding to the L341V

peptide than for the WT which implies a reduction in binding selectivity.

Inspection of the fitted ’n’ values was used to initially determine the quality of
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fitting for the ITC data. These interactions are expected to occur at a ratio of

1:1 based on the structure of the proteins and the absence of any multicomponent

complexes observed in the MS experiments. All six fits have produced ’n’ values

within 20% of the expected value which supported the suitability of the fit.

As discussed in Section 4.3, the fitting procedure could be carried out with the

’n’ value fixed to one but allowing the ’n’ value to float appeared to produce the best

results in this study based upon the lower χ2/DoF values produced. However, one

point which should be noted is that fixing the n value to one produced lower KD

values if the ’n’ value was previously fitted below one and vice versa. This could be

relevant when considering the KD values of LC3B and GABARAP as they produced

fitted ’n’ values the furthest from one.

Binding affinities determined from this ITC data were in agreement with the

ordering of selectivity produced by the ESI MS competition experiments. There

was significant overlap in the margins of error determined for the ITC-derived KD

values which prevented many clear conclusions about selectivity from being drawn.

The KD value of GABARAPL1 binding to the L341V peptide was not shown to be

significantly lower than the value for GABARAP. GABARAPL1 was shown to have

a significantly stronger binding interaction for the L341V peptide than the other four

hAtg8 proteins by this method. LC3C was also significantly shown to have the lowest

binding affinity.

Taken together the MS and ITC data indicate the following order of binding

preference: GABARAPL1>GABARAP>GABARAPL2> LC3B> LC3A> LC3C.

However, the differences between some of these have not been shown with statistical

significance so this is therefore an estimate guided by both sets of experiments.

A previous investigation into LC3B binding to an L341V peptide produced data

that indicated a three-fold reduction in binding affinity for the L341V peptide com-

pared to the WT. This is close to the value of 2.21 suggested here which lends some

validity to the results posited here. The difference in the magnitude of preference may

possibly be attributed to the longer peptide construct used in that previous work, al-

though it may simply be from errors inherent in determination of binding affinity by

ITC.

The data presented here shows that the L341V mutation leads to an overall reduc-

tion in binding affinity between the p62 AIM and the six hAtg8 proteins. This can

be shown by averaging the affinity change factor for each of the six proteins shown in

Table 8.1. This averaging gives a factor of 1.48 times reduction in binding affinity for

the L341V peptide compared to the WT between all six hAtg8 proteins.
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Structural Explanations of Binding Selectivity

Calculated thermodynamic properties of these interactions may aid to some ex-

tent in the understanding of this shift in binding. The clear shift in contribution of

the thermodynamic parameters to the overall affinity observed for LC3A and LC3B

suggests a significant shift in how these proteins interact with the L341V peptide

compared to the WT. For both, there is a substantial decrease in the enthalpic con-

tribution which leads to the decrease in affinity despite some compensation by the

more favourable entropic component.

The change in binding mode for LC3B has been previously suggested through

NMR chemical shift mapping which showed differences in chemical shift perturba-

tions for amino acids at the L-site on the protein surface. This change of binding

mode implied a more substantial reorganisation of the LC3B upon binding and the

similarities between LC3A and LC3B in terms of sequence and thermodynamic prop-

erties may indicate that this is also the case for LC3A. This indicates that the valine

cannot pack as tightly into the L-site resulting in a weaker binding enthalpy; with

some entropy compensation. The altered binding mode induced by the L341V mu-

tation may increase steric strain within the molecules which would also reduce the

magnititude of ∆H.

Interestingly, there is no large change in thermodynamic parameters for GABARAP

and GABARAPL1 but just a small reduction in both the enthalpic and entropic terms.

This may indicate that these proteins are still binding at the same site for the L341V

peptide as they do for the WT, just with a reduction in the strength of the binding

due to small changes in the steric interactions.

So despite significant reductions in affinity from the same mutation, the change in

affinity for LC3A/LC3B and GABARAP/GABARAPL1 may be mediated by differing

mechanisms. Figure 8.11 shows the differences in binding interface between LC3B and

GABARAPL1. This highlights some clear differences which suggest that different

binding modes would be possible for these proteins and that mutations to the peptide

binding to the surface may be expected to affect them differently.

Based on the ITC-derived binding affinities, LC3C preferentially binds to the

L341V p62 AIM peptide over the WT. This is driven by a significantly larger enthalpic

contribution to the overall binding though there is also a less favourable entropic

contribution. The preference of LC3C for valine over leucine at the hydrophobic

fourth position in the p62 AIM can be rationalised by considering the non-canonical

AIM of NDP52 which preferentially binds to LC3C. NDP52 binds to LC3C via an
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Figure 8.11: Aligned crystal structures of LC3B and GABARAPL1 showing their
differing surface topology and charge around the AIM binding site. Negatively charged
atoms are shown in red and positively charged atoms are shown in blue. The known
W- and L-sites on LC3B are also highlighted to indicate the binding patch of this
protein and therefore the expected binding patch of GABARAPL1.

Ile-Leu-Val-Val motif rather than the Trp-Thr-His-Leu sequence of the p62 AIM so

the L341V mutation makes the p62 AIM more sequentially similar to the NDP52

non-canonical AIM.

Figure 8.12 shows the crystal structure of LC3C in complex with a peptide cor-

responding to the NDP52 AIM. An alignment of this structure with the LC3B-p62

AIM peptide structure has also been included to show a theoretical binding site for

the WT p62 AIM on LC3C by analogy to LC3B. Both peptides adopt a β-strand

structure at the same position on the surface in order to form intramolecular β-sheet

interactions with the β2-strand of the hAtg8 protein. The peptides then diverge in

their binding away from this point to the sites on the surface which best accomodate

the side chains of their specific residues.

This modelled alignment results in steric clash between Leu341 of the p62 AIM and

the surface of LC3C so clearly the peptide must bind in a different conformation. It

is possible that mutation of Leu341 of p62 to a Val will allow this residue to bind into

the pocket on LC3C in the same way as the Val at the fourth position on the NDP52

AIM, as shown in the structure. The proposed binding of the p62 AIM Val341 into

the same binding pocket as Val136 of NDP52 is supported by the increased enthalpic

and decreased entropic contribution to the binding affinity as this would occur due

to a tighter hydrophobic binding which limits conformational flexibility.
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Figure 8.12: Crystal structure of LC3C (grey) in complex with NDP52 (green) with
the LC3B-p62 AIM complex (yellow) aligned, shown at two different angles. The
peptides are shown in cartoon representation other than the L341 of p62 and V136
of NDP52 which have side chains shown in stick representations. This shows the p62
AIM sterically clashing with the LC3C surface (A) and suggests that the L341V p62
AIM mutation may allow the peptide to bind in a similar mode to the NDP52 AIM.

ESI MS and ITC indicated that GABARAPL2 had no preference in binding be-

tween the WT or L341V peptide. There is a switch in thermodynamic contributions

between the two interactions though as the interaction was entropically driven to

the WT but it is enthalpically driven for the L341V. There is some unknown en-

tropy/enthalpy compensation effect from this mutation that results in the same bind-

ing affinity for either peptide. Structural study of GABARAPL2 binding to the WT

p62 AIM peptide in Chapter 5 was relatively unsuccessful which prevented that work

being extended to study the structural cause of this entropy/enthalpy compensation.

In addition to the change in binding affinity, the data also indicated a reduction in

binding selectivity for the L341V peptide amongst the hAtg8 proteins compared to the

WT. This was observed as the binding curves in the subfamily ESI MS competition

experiments were less differentiated than for the WT peptide.

Furthermore, the range of binding affinities observed decreased from 13.61 µM for

the WT to 5.62 µM for the L341V peptide. There was also a fivefold difference in KD

between the weakest and strongest binders for the WT and only a twofold difference

for the L341V. This is made clear by the inability to distinguish significant differences

between most of the hAtg8 binding affinities for the L341V peptide.

The reduction in selectivity observed here is mediated by the abbrogation of the

strongest interactions and the increase in binding affinity for the weakest interaction.

There are two subtle but interesting differences in the results for the LC3 subfamily
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Figure 8.13: Simplified schematic to show avid binding of hAtg8 proteins on the
autophagosome membrane to p62 filaments. This illustrates the initial binding of one
hAtg8 protein to one AIM on the p62 filament. This then allows avid binding of
the second hAtg8 protein to another AIM on the filament. This second interaction
has a higher binding affinity than the first interaction due to the increased local
concentration of binding sites from being held in proximity to the p62. Rate constants
which are decreased by the L341V p62 mutation are shown in red and those increased
by the mutation are shown in green.

ESI MS competition experiments that show this. Firstly, there appeared to be some

selectivity for LC3B over LC3A in the WT experiments whereas for the L341V results

there appeared to be no significant difference in binding. Secondly, LC3C binds with

a higher relative affinity, compared to the other LC3 subfamily proteins, to the L341V

peptide than to the WT. The differences in binding selectivity for the GABARAP

subfamily from these experiments are much more subtle and less clear than for the

LC3 subfamily.

ITC data may then be considered which indicated that LC3A, LC3B and GABA-

RAPL1 had the three highest binding affinities to the WT peptide and these are those

most reduced by the L341V mutation. LC3C produced the weakest binding affinity

to the WT peptide but its binding affinity increased by a factor of 1.48 upon the

introduction of the L341V mutation.

Biological Context of the ALS-related L341V p62 mutation

These changes to binding affinity and selectivity must be considered in their biolog-

ical context whereby multiple hAtg8 proteins can interact with a single p62 filament

which allows for avidity effects. The decrease in affinity of a single interaction can

be thought of as decreasing avid binding in two ways. Either the p62 filament is less
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likely to bind to the first hAtg8 which is the first step required for avid interactions

or when this first interaction does occur it will dissociate at a faster rate which gives

less time for a subsequent binding event to occur. Some combination of these two

effects will occur to reduce avid binding.

This can be thought of in terms of the rate constants shown in Figure 8.13 which

gives a simplified schematic of avid binding. This decrease in affinity results in a lower

k1 rate constant which means the protein is less likely to bind in the first place which

is required for avidity. In Section 4.3 a discussion was presented regarding how avid

interactions led to increased residence times especially in the case where k3 is faster

than k2. The decease in interaction affinity due to the L341V mutation studied here

is expected to decrease k3 and increase k2 which will reduce residency time.

Therefore, a small shift in affinity may be amplified to a more significant effect

through avidity. It is presumed that this will result in a reduction in selective recruit-

ment of cargo to the autophagosome through this pathway, which will presumably

decrease autophagic flux. The overall reduction in p62 degradation by the lysosome

has previously been shown in cell based assays and this was assumed to indicate a

reduction in recruitment of p62 and therefore cargo to the autophagosome.

The role of p62 as a scaffold to the expanding autophagosome membrane should

also be considered. The genetic knockout of hAtg8 proteins has been shown to lead

to smaller autophagosomes and this may be because of abbrogated recruitment of the

p62 scaffold [44]. The reduction in hAtg8-p62 binding may also cause a similar effect

though this has not been shown.

The data presented here shows the contribution from each individual hAtg8 pro-

tein to the overall effect observed in cells. This can be clearly associated with the

symptoms of ALS as this mutation will result in a reduction in aggrephagy which

would allow the inclusions associated with the disease to accumulate and damage the

motor neurons through the various possible mechanisms discussed in Section 1.6.

GABARAPL1 is the hAtg8 protein which is most highly expressed within the

central nervous system of humans and rats (CNS) [193, 194]. This along with the

binding preference of the p62 AIM for this homologue may suggest a key role for the

protein in selective autophagy in neurons. Therefore the affinity of this GABARAPL1-

p62 AIM interaction decreasing by a factor of almost a half could clearly have a strong

impact on dysregulation of autophagy in the CNS which is associated with ALS.

Further dysregulation of autophagy likely occurs through the reduction in binding

selectivity produced by this mutation. The effect of this reduction in selectivity has

not been investigated here but it is possible to speculate how this may impact the
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overall process of autophagy. Binding selectivity of these proteins to p62 and to

the other autophagy receptors and adapters is assumed to have evolved to produce

an equilibrium of binding interactions which produces the appropriate rate of basal

autophagic flux. The complexity of this system suggests that changes may perturb

the equilibrium of the process.

For example, the increased relative binding of LC3C to the L341V p62 AIM may

result in a lower concentration of free LC3C on the membrane which would pre-

clude this protein from interactions with other proteins which could mediate other

specialised roles.

The data presented in this chapter has shown that:

� The L341V p62 mutation resulted in an overall reduction in affinity of p62 for

the hAtg8 family but there are differences in the effect for each protein.

� The mutation also produced an overall reduction in binding selectivity of p62

amongst the hAtg8 proteins.

� These two effects can be clearly linked to dysregulation of autophagy in ALS

and it has been suggested how disease progression may be affected in patients

with this mutation.
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Chapter 9

Discussion

9.1 Characterisation of the hAtg8-WT p62 AIM

interaction

The work presented in this thesis has further characterised the protein-protein

interaction between p62 and the six hAtg8 proteins through a range of biophysical

techniques. Binding selectivity has been characterised for the WT p62 AIM peptide

amongst the six hAtg8 proteins using ESI MS and ITC. The ITC-derived KD values

for these interactions, which were supported by the MS data, are shown in Table 9.1.

A fivefold difference in the KD values was observed between the strongest and weakest

interactions with the WT p62 AIM peptide. Although the differences in some cases

are not significant, the ESI MS and ITC experiments indicated that the ordering of

binding preference for the WT p62 AIM was: GABARAPL1 > LC3B > LC3A >

GABARAP > GABARAPL2 > LC3C.

KD (µM)
Protein WT pS342 L341V

LC3A 4.55±0.30 2.11±0.11 8.70±1.84
LC3B 3.83±0.41 3.08±0.19 8.47±0.61

LC3B T50E 7.69±0.77 - -
LC3C 16.84±4.08 6.33±1.67 11.40±0.95

GABARAP 5.20±0.31 1.98±0.49 6.41±0.52
GABARAPL1 3.23±0.45 1.93±0.33 5.78±0.50
GABARAPL2 6.85±1.02 3.82±0.32 6.99±0.94

Table 9.1: ITC-derived thermodynamic parameters for the binding of the p62 AIM
peptides to each of the hAtg8 proteins.
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Figure 9.1: Simplified schematic to show avid binding of hAtg8 proteins on the au-
tophagosome membrane to p62 filaments. This illustrates the initial binding of one
hAtg8 protein to one AIM on the p62 filament. This then allows avid binding of the
second hAtg8 protein to another AIM on the filament. This second interaction has a
higher binding affinity than the first interaction due to the increased local concentra-
tion of binding sites from being held in proximity to the p62.

The relatively small degree of binding selectivity shown in these experiments is

amplified in vivo by the multi-dentate interaction found in the biological assembly.

The hAtg8 proteins on the autophagosome membrane are capable of an avid binding

interaction with multiple AIM domains on a p62 filament which results in a syner-

gistic effect that leads to longer residence times. This is illustrated in the simplified

schematic in Figure 9.1. To place this avidity effect in context, the interaction of

tandem ubiquitin binding domains with di-Ub can be considered. In the work of Sim

et al. the inidividual ubiquitin interacting motifs (UIM1 and UIM2) of Rap80 bind to

K63-linked di-Ub with an affinity of 230 and 470 µM, for UIM1 and UIM2 respectively

[195]. The tandem-linked UIM1-UIM2 construct binds to K63-linked di-Ub with an

affinity of 22 µM due to the avidity effect of this bi-dentate interaction. A related

example was shown in the work of Scott et al. which showed a different tandem ubiq-

uitin binding domain construct bound to monoubiquitin with a 10.9 µM affinity but

bound to K48-linked di-Ub with a 1.3 µM affinity [196]. This amplification of affinity

is proportional to the binding affinity so the differences in selectivity will be larger

when avid binding occurs.

Whilst selectivity has been shown, even LC3C which has the lowest affinity for the

AIM peptide has been shown to be bound to a measureable degree during the ESI MS

competition experiments. Additionally, a fivefold difference in KD is not especially

large in a biological context where significantly larger binding preferences are often

observed. It is likely therefore that p62 will bind to all six hAtg8 proteins present
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on the autophagosomal membrane as the process occurs in vivo. This will result in

an overall hAtg8-p62 affinity that is modulated by the relative levels of each hAtg8

anchored to the membrane.

hAtg8 protein expression levels and the rate of the lipidation reaction will control

the amount of each hAtg8 anchored to the autophagosome. Expression levels of the

hAtg8 proteins has been studied and there has been selective expression based on the

tissue in question however the quantification of relative lipidation rates or the result-

ing amount of anchored hAtg8 proteins have not yet been performed [41, 42, 43]. It

may be that regulation of these processes allow for different amounts of each protein

to be lipidated, which controls the overall affinity for p62 binding. This will allow

spatiotemporal regulation of the levels of each hAtg8 protein on the membrane and

the effect this has on autophagy. For example, more GABARAPL1 may be lipidated

on the membrane in tissues where a higher level of p62 recruitment is required for

its functions in membrane elongation and selective cargo recruitment. Regardless of

the level of each hAtg8 protein on the autophagosome, there will be proportionately

less LC3C and GABARAPL2 bound to p62 which may allow these proteins to be

specialised for interactions with other autophagy receptors and adapters which may

influence other steps within autophagy. Low percentages of sequence homology be-

tween these proteins and the other hAtg8 proteins also suggests specialisation. This

specialisation has been shown by the discovery of a protein which selectively binds to

LC3C but it has not yet been shown for GABARAPL2 [40].

GABARAPL2 presents an interesting case in its binding to the WT p62 AIM

peptide due to its unique thermodynamic profile. The ITC-derived thermodynamic

parameters indicated that GABARAPL2 was the only hAtg8 protein which was en-

tropically driven in its binding and the enthalpic contribution to binding was also the

lowest, as shown in Figure 9.2. This warranted further structural study by NMR that

produced data which indicated a novel binding interaction; shown in Figure 9.3. The

clear differences between previously detailed structures of hAtg8-AIM interactions

and the binding patch defined by the chemical shift mapping NMR study in this the-

sis indicated that GABARAPL2 does not have an L-site analogous to that observed

for the other known interactions. The GABARAPL2 L-site is a hydrophobic patch

on the protein surface formed predominantly by an isoleucine sidechain, as opposed

to the binding cleft observed for the other hAtg8-p62 interactions. This results in an

interaction with a weaker binding affinity than for the other hAtg8-p62 AIM interac-

tions previously studied [50, 1, 53]. Structural determination of this interaction using

X-ray crystallography or further NMR experiments would be an interesting further
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Figure 9.2: Graph comparing ITC-derived thermodynamic parameters for the binding
of the WT p62 AIM peptide to each of the hAtg8 proteins to illustrate the differences
in the enthalpic and entropic contributions to the Gibbs free energy.

avenue of reasearch, as would structural study of the strongest interaction of the WT

p62 AIM with GABARAPL1.

9.2 Regulation

Phosphorylation of full length p62 has been shown to increase its affinity for LC3B

via a kinase binding assay. Although phosphorylation at the AIM could not be ob-

served due to a lack of appropriate antibodies, TBK1 target sites at S332 and S342

of p62 are known and assumed to be phosphorylated in this experiment to cause the

observed effect. This effect has been shown to be caused at least in part by the pre-

viously known p62 phosphorylation site at S342 by the biophysical characterisation

shown in this thesis.

The chemical shift mapping experiment for the interaction of LC3B and the pS342

p62 AIM peptide suggested a binding patch for this peptide similar to the binding of

the WT but with some interesting differences. The NMR data and proposed binding

site are shown in Figure 9.4. The phosphorylation results in a binding interaction

that is less enthalpically driven but with a less unfavourable entropy as shown in

Figure 9.5. The phosphorus on the peptide undergoes a small change in chemical

environment upon binding with LC3B. As the His57 signal in the 1H-15N-HSQC of

LC3B is significantly shifted for binding to the phosphorylated peptide but not the
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Figure 9.3: Structure of the GABARAPL2-WT p62 AIM peptide structure pro-
duced by the HADDOCK web server. This shows the peptide (orange) and the
GABARAPL2 residues with significantly shifted signals (dark blue shows slow ex-
changing residues; medium and light blue correspond to the CSP values two and
one standard deviations above the mean respectively), the residues without signif-
icantly shifted signals (grey) and the residues which were not assigned to peaks in
the 1H-15N-HSQC spectrum (white). Residues annotated in white correspond to the
slow exchanging residues on GABARAPL2 and annotations in black correspond to
peptide residues.
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Figure 9.4: Crystal structure of LC3B which highlights the residues with backbone
NH signals which were significantly perturbed in the 1H-15N-HSQC spectrum upon
addition of the pS342 p62 AIM peptide. The crystal structure of the WT p62 AIM
peptide binding to LC3B has been modified to include the phosphate group on the
Ser342 sidechain. This shows the residues with significantly shifted signals which
could be followed through the titration (dark blue is for the most significant; light
blue is for some significance).

Figure 9.5: Graph comparing ITC-derived thermodynamic parameters for the binding
of the WT or pS342 p62 AIM peptide to LC3B to illustrate the differences in the
enthalpic and entropic contributions to the Gibbs free energy.
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Figure 9.6: Graph comparing ITC-derived thermodynamic parameters for the binding
of the pS342 p62 AIM peptide to LC3B or GABARAP to illustrate the differences in
the enthalpic and entropic contributions to the Gibbs free energy.

WT, it is assumed that there is some extra electrostatic interaction between this

residue and the phosphate group on the peptide. However this may be weak or

transient as it does not significantly shift the signal for the phosphorus atom.

The remaining five hAtg8 proteins have also been shown to preferentially bind to

the phosphorylated p62 AIM peptide over the WT by ESI MS and ITC; though to

varying degrees. The ITC-derived binding affinities for these interactions are shown

in Table 9.1 where they can be compared to values from binding to the WT peptide.

These values indicate that the average binding affinity between the hAtg8 proteins

and the p62 AIM is twice as strong upon phosphorylation at S342 which should again

be considered in the context of avid binding where the differences in affinity will be

amplified.

The role of the phosphate group in the binding of the pS342 p62 AIM to GABARAP

was also studied using NMR. Binding to GABARAP resulted in a larger CSP of the
31P atom on the phosphorylated peptide than for LC3B which suggests different modes

of binding where the phosphate is differentially perturbed. There may be some cor-

relation between the larger CSP for GABARAP and its larger increase in binding to

the phosphorylated peptide. ITC-derived thermodyanmic parameters, as shown in

Figure 9.6, illustrate a clearly different profile between the two proteins. The NMR

and ITC data together then indicate that despite both proteins preferentially binding

to the pS342 p62 AIM peptide over the WT, this is mediated by differing binding

mechanisms with the phosphate group being more involved in the binding to the

GABARAP surface.
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All of the data collected in relation to p62 phosphorylation suggests that TBK1

upregulation in the context of autophagy works, at least in part, by increasing the

binding of p62 to the autophagosomal membrane. Increases in this interaction will

increase autophagic flux by providing more p62 as a scaffold to aid in autophago-

some membrane elongation and it will also increase the amount of selectively bound

autophagy cargo being targeted to the membrane for degradation.

Structural characterisation of LC3B T50E indicated that the mutated protein was

folded and that there were some subtle structural difference between this protein and

the WT. The lineshape and intensity seen in the CD spectra of the WT and T50E

proteins were similar which indicated the same proportions of secondary structural

elements were present. There were some noticeable differences in the 1H NMR spec-

tra of the two proteins and these have been attributed to small shifts in the internal

packing rather than significant structural differences. As this phosphomimetic protein

has been shown to perform the function of the phosphorylated protein in vivo, it is

assumed that this structural change from the mutation also occurs due to phospho-

rylation [3].

The WT p62 AIM peptide has been shown, by ESI MS and ITC, to preferentially

interact with WT LC3B over the phosphomimetic T50E mutant. This phosphory-

lation site has therefore been suggested as a biochemical switch between different

roles of LC3B. Hypothetically, non-phosphorylated LC3B plays an important role in

recruiting p62 to the autophagosome membrane but this interaction is abbrogated

upon phosphorylation which facilitates the proteins role in autophagosome-lysosome

fusion. It is unclear how this role in autophagosome-lysosome fusion is mediated as

significant further work is required.

9.3 Dysregulation

The effect of the ALS-related L341V mutation of p62 has been studied in terms

of the binding of a L341V p62 AIM peptide to the six hAtg8 proteins. Previously,

this mutation has been shown to reduce the binding of a p62 AIM peptide to LC3B

but this work shows a more complicated picture across the hAtg8 family. The ITC-

derived KD values for these interactions, which are shown in Table 9.1 and supported

by ESI MS studies, indicate that the interactions of LC3A, LC3B, GABARAP and

GABARAPL1 with the p62 AIM are weakened due to this disease-related mutation.

Interestingly, the interaction with GABARAPL2 is not affected by the mutation and

LC3C actually preferentially binds to the L341V peptide over the WT. These effects
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on the individual hAtg8 proteins result in an overall reduction in the binding affinity

between the hAtg8 proteins and the p62 AIM as well as resulting in a decrease in

binding selectivity. This data is supported by previous living cell-based studies where

this mutation led to a decrease in p62 degradation by acidic vesicles [1]. The mutation

therefore has been shown to decrease p62 recruitment to the autophagosome where it

is engulfed and degraded. Therefore, as there is less p62 being degraded there will also

be a reduced amount of ubiquitinated cargo bound to the p62 degraded. This results

in a decrease in the selective degradation of protein aggregates and damaged organelles

that results in damage to neurons which increases the likelihood of cell death. This

leads to neurodegeneration that produces the symptoms associated with ALS. The

cellular effect of the decrease in binding selectivity has not been demonstrated however

it could clearly have some effect on the equilibrium of binding interactions involved in

the process of autophagy which could also promote ALS-related neurodegeneration.

The work discussed in this thesis expands previous reasearch into the importance

of Leu at the fourth AIM position to produce a higher binding affinity interaction

[197, 198]. This work shows that the minimal change of the L341V p62 mutation

reduces binding affinity for four of the six hAtg8 proteins. For LC3A and LC3B the

large decrease in binding to the L341V peptide compared to the WT is produced by a

substantial reduction in binding enthalpy and a switch from an unfavourable entropic

component to a slightly favourable one. The reduction in affinity for GABARAP

and GABARAPL1 in binding to the L341V peptide compared to the WT arises due

to smaller changes in both the enthalpy and entropy terms. This indicates that the

abbrogation in binding affinity occurs due to different binding mechanisms which is

clearly rationailsed by the differences in the thermodynamics of these proteins when

binding to the WT peptide. This suggests that the Leu341 of the AIM binds tightly

into the LC3B (and presumably LC3A) L-site and the large enthalpic contribution

is lost when the leucine is mutated to a valine. For GABARAP and GABARAPL1

though any binding of this leucine into a hydrophobic pocket is weaker so the enthalpic

contribution to binding is not altered so significantly though there is still a reduction

in affinity.

Despite the overall reduction in affinity caused between the hAtg8 proteins and the

p62 AIM, GABARAPL2 was shown to be unaffected by this mutation. GABARAPL2

does not have a defined L-site on its surface in its unbound crystal structure and

the data collected in this work indicates that Leu341 of the p62 AIM binds to a

hydrophobic patch on the surface rather than a hydrophobic pocket into the globular

structure, as shown in the structure produced using the HADDOCK web server,
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Figure 9.7: Comparison of Leu341 of the WT p62 AIM peptide binding on the surface
of (A) GABARAPL2 or (B) LC3B. This indicates the Leu341 sidechain binds into a
deeper hydrophobic pocket on the LC3B surface than on GABARAPL2.

based upon NMR data which is shown in Figure 9.7A. For this reason GABARAPL2

presents no binding preference for Leu or Val at this site as presumably either can bind

to the surface with equal affinity. The deeper binding cleft of LC3B, shown in Figure

9.7B, which can accomodate the Leu residue leads to a stronger binding interaction

but changes to this residue require significant rearrangement to accomodate binding.

This is not the only ALS-related mutation that can be associated with dysregu-

lated autophagy. Some ALS-patients have been shown to possess a mutated form of

the autophagy-related kinase TBK1 [138, 139, 140, 141]. As has been demonstrated

within this work, TBK1 phosphorylation of p62 likely plays an important role in the

regulation of autophagy whereby increased TBK1 activity will lead to an increase in

autophagic flux. In an analysis by Oakes et al., 32 of 88 ALS-related TBK1 muta-

tions investigated were found in the kinase domain which would likely affect the role

of TBK1 in autophagy but there were also loss-of-expression mutations and muta-

tions elsewhere in the protein could also disrupt function. The study by Freischmidt

et al. showed four of the five missense mutations tested (one from each TBK1 do-

main) produced functional deficits in TBK1 activity. This illustrates another avenue

by which ALS-related mutations dysregulate autophagy and cause disease however

further study into which TBK1 mutations are relevant to disease and how this is

mediated are required. The work in this thesis could be extended in the vein of dis-

ruption of autophagy regulation to investigate how the L341V p62 mutation affects

the regulatory role of phosphorylation by the study of a p62 AIM peptide with both

the L341V mutation and the S342 phosphorylation and how it interacts with the

hAtg8 proteins.
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9.4 Conclusion

In conclusion, this study has produced an in-depth biophysical characterisation

of the p62-hAtg8 interaction. Characterisation of the six hAtg8 proteins in addi-

tion to one hAtg8 with a phosphomimetic mutation binding to three different p62

AIM peptides has facilitated an understanding of how this important interaction is

regulated and dysregulated. Specifically this has been concentrated on the role of

phosphorylation and a disease-related mutation. Initial production, purification and

characterisation of the required proteins confirmed samples were the correct protein

and that they were folded before futher characterisation was started.

The binding selectivity of the WT p62 AIM among the six hAtg8 proteins has

been elucidated, whereby the peptide representing this AIM preferentially bound to

GABARAPL1 and there was a fivefold range in preference between this and LC3C

which bound with the lowest affinity. Structural characterisation of the GABARAPL2-

WT p62 AIM peptide indicated a similar binding site for this interaction to the previ-

ously studied hAtg8-AIM interactions with some clearly observable differences in the

binding conformation.

Phosphorylation of p62 by TBK1 has been shown to increase the affinity of the

protein for LC3B. A phosphorylation site of TBK1 on p62 at S342 has been studied

specifically which indicated that phosphorylation there resulted in an increase in the

binding affinity of the peptide for all six hAtg8 proteins, to varying degrees. The

binding of the pS342 p62 AIM peptide to LC3B was further studied by NMR chemical

shift mapping which indicated binding at the same patch on LC3B as for the WT

however with some small differences to the binding site around the phosphorylated

serine. Conversely, a phosphomimetic mutation on LC3B at T50 results in a decreased

binding affinity for the p62 AIM compared to WT LC3B.

Finally, the ALS-related L341V p62 mutation when compared to the WT has

been shown to result in a decrease in binding affinity for the hAtg8 proteins on

average. The six hAtg8 proteins are affected differently though with LC3A, LC3B,

GABARAP and GABARAPL1 producing weaker binding affinities with the L341V

p62 AIM peptide compared to the WT, GABARAPL2 showing no binding preference

and LC3C preferentially binding to the L341V p62 AIM peptide. These alterations to

the individual hAtg8 binding affinities lead to a reduction in binding selectivity of the

p62 AIM amongst the hAtg8 proteins. This reduction in both affinity and selectivity

from this disease-related mutation can be clearly associated with dysregulation of

autophagy and the resulting ALS-related neurodegeneration experienced by patients
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with this mutation.
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Chapter 10

Appendix

10.1 MS

Figure A.1: MALDI TOF mass spectrum of LC3A (1 mg/ml).

Figure A.2: MALDI TOF mass spectrum of LC3B (1 mg/ml).
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Figure A.3: MALDI TOF mass spectrum of LC3C (1 mg/ml).

Figure A.4: MALDI TOF mass spectrum of GABARAP (1 mg/ml).

Figure A.5: MALDI TOF mass spectrum of GABARAPL1 (1 mg/ml).
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Figure A.6: MALDI TOF mass spectrum of GABARAPL2 (1 mg/ml).

10.2 NMR

Figure A.7: 1H NMR spectra of LC3B which show indications of folded protein.
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Figure A.8: 1H NMR spectra of LC3C which show indications of folded protein.

Figure A.9: 1H NMR spectra of GABARAP which show indications of folded protein.
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Figure A.10: 1H NMR spectra of GABARAPL1 which show indications of folded
protein.

Figure A.11: 1H NMR spectra of GABARAPL2 which show indications of folded
protein.
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Figure A.12: Spectral overlay of the 1H-15N-HSQC spectra of the titration of the WT
p62 AIM peptide into 15N-GABARAPL2.
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Figure A.13: Spectral overlay of the 1H-15N-HSQC spectra of the titration of the
pS342 p62 AIM peptide into 15N-LC3B.
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10.3 ITC

Figure A.14: ITC data for the titration of the WT p62 AIM peptide into LC3A. The
applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.
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Figure A.15: ITC data for the titration of the WT p62 AIM peptide into LC3B. The
applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.
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Figure A.16: ITC data for the titration of the WT p62 AIM peptide into LC3C. The
applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.
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Figure A.17: ITC data for the titration of the WT p62 AIM peptide into
GABARAPL1. The applied power raw data is shown in the top panel showing peaks
for each peptide injection. A plotted binding curve from the integration of these peaks
and a line showing the fit of this data is shown in the bottom panel.
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Figure A.18: ITC data for the titration of the WT p62 AIM peptide into
GABARAPL2. The applied power raw data is shown in the top panel showing peaks
for each peptide injection. A plotted binding curve from the integration of these peaks
and a line showing the fit of this data is shown in the bottom panel.
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Figure A.19: ITC data for the titration of the pS342 p62 AIM peptide into LC3A.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.
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Figure A.20: ITC data for the titration of the pS342 p62 AIM peptide into LC3B.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.
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Figure A.21: ITC data for the titration of the pS342 p62 AIM peptide into LC3C.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.
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Figure A.22: ITC data for the titration of the pS342 p62 AIM peptide into
GABARAPL1. The applied power raw data is shown in the top panel showing peaks
for each peptide injection. A plotted binding curve from the integration of these peaks
and a line showing the fit of this data is shown in the bottom panel.
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Figure A.23: ITC data for the titration of the pS342 p62 AIM peptide into
GABARAPL2. The applied power raw data is shown in the top panel showing peaks
for each peptide injection. A plotted binding curve from the integration of these peaks
and a line showing the fit of this data is shown in the bottom panel.
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Figure A.24: ITC data for the titration of the L341V p62 AIM peptide into LC3A.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.
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Figure A.25: ITC data for the titration of the L341V p62 AIM peptide into LC3B.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.

229



Figure A.26: ITC data for the titration of the L341V p62 AIM peptide into LC3C.
The applied power raw data is shown in the top panel showing peaks for each peptide
injection. A plotted binding curve from the integration of these peaks and a line
showing the fit of this data is shown in the bottom panel.

230



Figure A.27: ITC data for the titration of the L341V p62 AIM peptide into
GABARAPL1. The applied power raw data is shown in the top panel showing peaks
for each peptide injection. A plotted binding curve from the integration of these peaks
and a line showing the fit of this data is shown in the bottom panel.
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Figure A.28: ITC data for the titration of the L341V p62 AIM peptide into
GABARAPL2. The applied power raw data is shown in the top panel showing peaks
for each peptide injection. A plotted binding curve from the integration of these peaks
and a line showing the fit of this data is shown in the bottom panel.

10.4 Professional Internship for PhD Students

Note to examiners:

This statement is included as an appendix to the thesis in order that the thesis

accurately captures the PhD training experienced by the candidate as a BBSRC
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Doctoral Training Partnership student. The Professional Internship for PhD Students

is a compulsory 3-month placement which must be undertaken by DTP students. It

is usually centred on a specific project and must not be related to the PhD project.

This reflective statement is designed to capture the skills development which has taken

place during the student’s placement and the impact on their career plans it has had.

PIPS Reflective Statement

My three-month placement was carried out at Sygnature Discovery which is a

contract research organisation involved in work throughout the process of drug dis-

covery. They have a broad range of in house expertise split into bioscience, chemistry,

computational and DMPK departments. During my time at Sygnature I worked on a

project within the bioscience department which attempted to expand their repertoire

of biophysical techniques. I had not previously encountered this particular technique

but this work fit well within my broader experience of biophysical characterisation of

protein interactions. As such this made the topic accessible but was still challenging

in a variety of ways which were useful to my development.

Firstly, it was particularly useful to observe the differences between my PhD lab

and Sygnature. Many of these differences were small, due to differences in equipment

or set up, but adapting to these differences is a key skill which I have advanced.

One of the key goals I hoped to achieve through this placement was to improve my

verbal communication skills; presentations in particular. I had a great opportunity

to practice this skill throughout my placement as I was presenting my work at least

once a week. This also highlighted the skill needed in tailoring a presentation to a

particular audience which involves the balance of broad descriptions of the work and

specific scientific detail.

One additional aspect of this desire to improve my communication is in the infor-

mal discussion of research; a key skill for networking at conferences and elsewhere.

I felt this improved by discussions with colleagues throughout my placement. Addi-

tionally, there were a number of issues throughout the project which required that

I approach people and accurately describe the issues I was facing and subsequently

discuss potential solutions.

This project produced significantly larger quantities of data than the types of ex-

periments I typically utilise and this presented me with a number of novel challenges.

I had to improve my organisational abilities to deal with large volumes of data by

developing more standardised ways of analysing the data. This involved use of the
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software package Origin which I had not previously used as well as developing my

understanding further for the capabilities within GraphPad. Development of data fit-

ting methodologies was also required which involved derivation of equations. Finally,

rigorous statistical analysis was needed for much of this work. I also hoped to gain

further insight into the industrial drug discovery pipeline.

By attending a variety of talks and meetings, I was able to expand my knowledge

into how a contract research organisation like Sygnature fits into this pipeline. My

time there produced insight into how arrangements are initially made with clients

about what work is required and how this is planned. I was able to witness how this

research then developed in the lab and how this is communicated back to the clients

to produce useful research outcomes.

As well as these professional development outcomes, my experiments were able to

produce useful data for Sygnature which allowed them to determine when it would

be appropriate to use these new methodologies. This data has subsequently been

included in a poster and presentations to advertise their biophysics capabilites.
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