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Abstract

Sprouty (Spry)/SPRED proteins are important regulators of the MAPK/ERK signalling
pathway, and dysregulation of this pathway can contribute to development of cancer.
The defining feature of Spry/SPRED proteins is a highly conserved cysteine-rich
Sprouty domain, which for Spry2 contains 26 cysteine residues. Recent work has
shown that the SPR domain is S-acylated by zDHHC17. The aim of this thesis is to
explore the mechanisms of interaction and S-acylation of Spry/SPRED proteins by
zDHHC17 and identify downstream effects of these interactions. The approaches
used included expression of zDHHC17 and Spry/SPRED mutants in HEK-293T and
PC12 cells, followed by analysis of protein interactions by immunoprecipitation and
analysis of S-acylation using click chemistry methodologies. Protein localisation was
examined using confocal microscopy and protein stability measured in cycloheximide-
chase experiments. The use of AlphaFold structural predictions and other
bioinformatic tools was used to inform these analyses. The results indicate that the
interaction of Spry2 and zDHHC17 has a unique dual-stabilisation effect on both the
enzyme and substrate. Furthermore, a novel mechanism of recognition/S-acylation of
Spry/SPRED proteins, which is distinct from the mechanism of SNAP25
recognition/S-acylation by zDHHC17 was identified. Specifically, the zDABM
sequence of Spry2 which is the major interaction site for z-DHHC17 was shown to be
dispensable for S-acylation. Analysis of SPRED3, which lacks a zDABM sequence,
showed that the highly conserved SPR domain contains a novel zDHHC17 binding
site that facilitates S-acylation. This thesis also identifies a potential effect of Spry2 on
the S-acylation of the SARS-CoV-2 accessory protein, Orf3d, which should be
investigated further in future work. Collectively, the findings in this thesis provide
important new information on substrate recognition by zDHHC enzymes. This new
knowledge can assist in identifying new zDHHC17 substrates and could also be used
to develop peptide-based inhibitors that disrupt specific substrate interactions of
zDHHCA17.
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CHAPTER 1
GENERAL INTRODUCTION



Chapter 1 - General introduction

Introduction

The International Agency for Research on Cancer, estimates that worldwide in 2020
there were over 19.3 million new cancer cases and almost 10 million cancer deaths
(Sung et al., 2021). Nearly half of these cancer cases were breast (11.7%), lung
(11.4%), corectal (10%), prostate (7.3%), and stomach (5.6%) cancers (Sung et al.,
2021). It is important to identify new biomarkers to improve early diagnosis, patient
stratification, and treatment of cancer. These biomarkers can be epigenetic (Herceg
and Hainaut, 2007), genetic (Calzone, 2012), metabolic (Aizpurua-Olaizola et al.,
2018), or proteomic. An example protein biomarker is the tumour supressing breast
cancer type 1 gene/protein (BRCAL), which displays reduced or undetectable
expression in the majoriy of high-grade ductal carcinomas (Rakha et al., 2008).

Another potential tumour suppressor protein linked to a range of different cancer types
is the Sprouty-2 protein (Spry2), which has been characterised as a negative
modulator of the mitogen-activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK) signalling pathway (Kawazoe and Taniguchi, 2019).
Dysregulation of this signalling pathway has been shown to lead to excess cellular
proliferation, differentiation, migration, and tumourigenesis (Dhillon et al., 2007).
Indeed, reduced Spry2 expression has been implicated in many cancer types
including lung adenocarcinoma (Walsh and Lazzara, 2013), hepatocarcinoma (Wang
et al., 2012), prostate cancer (Gao et al., 2019), and colon cancer (Feng et al., 2011).
It has also been suggested that Spry2 might be useful in predicting chemotheraputic
side-effects, such as the post-treatment (carbotaxol) development of ascites, which
correlates with a decreased expression of Spry2 in epithelial ovarian cancer patients
(Masoumi-Moghaddam et al., 2015a).

To understand how dysregulation of tumour suppressor proteins like Spry2 contribute
to disease, it is critical to investigate the normal function of the protein during common
cellular processes, such as cell growth. This includes investigating the various protein
interactions and post-translational modifications (PTMs) that influence the localisation
and function of the protein. Recent evidence, which could expand the understanding

of Spry2, revealed a previously unknown interaction between Spry2 and the



acyltransferase, zDHHC17, which mediates the S-acylation of Spry2 (Lemonidis et
al., 2017a). S-acylation is a post-translational form of lipidation involving the reversible

covalent attachment of fatty acids on to cysteine residues via thioester linkages.

1.1 Protein lipidation

The post-translational modification (PTM) of proteins is a major occurrence in
eukaryotic cells and involves chemical modification of amino acid side chains with a
diverse array of modifying groups (Ramazi and Zahiri, 2021). Common and well-
studied PTMs include phosphorylation, which involves the modification of serine,
threonine, and tyrosine residues with phoshate derived from ATP, which regulates a
broad range of cellular processes and pathways, most notably cell signalling (Lavoie
et al., 2020). Another well-studied PTM is ubiquitination, the attachment of the small
regulatory protein ubiquitin typically onto lysine residues of proteins (Song and Luo,
2019). Polyubquitin conjugation of proteins is typically involved in marking proteins for
ubiquitn-dependent degredation. This is seen, for example, in mouse double minute
2 homolog (MDM2) mediated ubiquitination of the tumour supressor p53 (Moll and
Petrenko, 2003). MDM2 is a RING-finger E3 ubquitin ligase that modulates p53
activity by targting the protein for 26S proteosomal degredation, thus limiting the

growth suppressive function of this protein (Love et al., 2013).

Lipidation refers to a group of different modifications involving the attachment of lipid
or lipid-like groups onto proteins. The modifying groups include fatty acids,
isoprenoids, phospholipids, and sterols. Lipidation can have a variety of functions
including increasing protein hydrophobicity, regulating protein traffiking, promoting
membrane attachment, or impacting protein stability, and structure (Chamberlain and
Shipston, 2015). For example, the attachemnt of the caprylic acid (octanoic, C8:0)
onto the “hunger hormone” ghrelin is required for the gastric peptide hormone to bind
and activate the ghrelin receptor; which subsequently results in the regulation of
appetite and energy homeostasis (Wang et al., 2021b). Common lipid modifications
include N-myristoylation, C-terminal prenylation, S-acylation, O-cholesterylation, and
glycosylphosphatidylinositol (GPI) anchoring (Jiang et al., 2018, Kallemeijn et al.,
2021).



First discovered in 1978 in fungi (Rhodotorula toruloides) (Kamiya et al., 1978),
prenylation (also known as isoprenylation) is a ubiquitous form of lipidation involving
the transfer of either 20-carbon geranylgeranyl isoprenoid or a 15-carbon farnesyl
group onto cysteine residues of proteins (Wang and Casey, 2016). This process is
mediated by a family of prenyltransferase enzymes - farnesyltransferase (FTase) and
geranylgeranyl transferase (GGTase), which most commonly recognises a C-terminal
consensus motif known as a CaaX box. Where C is a cysteine residue, a is generally
an aliphatic/hydrophobic amino acid, and X is a specifc amino acid which governs
which prenyltransferease can recognise the substrate and therefore determines which
isoprenoid is attached to the protein. If X is alanine, glutamine, methionine, or serine,
then the protein will be farnesylated; whereas, if X is a isoleucine, leucine, or
phenylalanine residue it will be geranylgeranylated (Palsuledesai and Distefano,
2015). Alongside many other proteins, prenylation is a well-described modification of
the Ras family of GTPases. The C-terminal end of HRAS contains the CaaX box
(CVLS), which is recognised by FTase for the attachment of farnesyl chains.
Farnesylation is important for membrane association and activation of RAS, and
Tipifarnib, a potent and selective FTase inhibitor, reduces plasma membrane
association and the levels of GTP-bound HRAS, thus reducing signaling through
effector pathways (Odeniyide et al., 2022). Importantly, blocking prenylation is also
known to reduce the activity of oncogenic RAS proteins, and there is interest in
targeting this modifcation as a therapeutic strategy in RAS-driven cancers
(Palsuledesai and Distefano, 2015). The C-terminal end of HRAS contains the CaaX

box (CVLS), which is recognised by FTase for the attachment of farneysl chains.

N-myristoylation is another form of lipidation that involves the covalent irreversible
attachment of myristic acid (C14:0) via amide bonds onto glycine resides of proteins.
This process was first decsribed in 1982 (Aitken et al., 1982, Carr et al., 1982), and is
predominantly a co-translational modification mediated by a family of N-
myristoyltransferases (NMT1 and NMT2) (Wang et al., 2021a). Like prenylation,
myristoylation occurs on a consensus motif, MGXXXS/T (where M is the initiating
methionine and X is any amino acid) (Chamberlain and Shipston, 2015). As the
myristate chain is added to the amine group of Gly-2, N-myristoylation requires the
cleavage of the initaiting methionine residue (Giglione et al., 2004). It is interesting to
note that N-myristoylation can also occur post-translationally, specifically following the

caspase-mediated proteolytic cleavage of proteins during apoptosis where cryptic



myristoylation sequences can be exposed (Udenwobele et al., 2017, Martin et al.,
2011). N-myristoylation has also been shown to regulate protein localisation, and this
is seen for both co-translational and post-translational myristoylation, for example, in
the case of the pro-apoptotic protein, BH3-interacting-domain death agonist (Bid).
Following cleavage by caspase-8, a newly exposed glycine of c-terminal Bid (ctBid)
is myristoylated, resulting in ctBid translocation to mitochondria to signal cell death
(Martin et al., 2011). It was shown that preventing myristoylation of the glycine in ctBID
(by replacement with an alanine) led to a 30% reduction in mitochondrial association
and a 350% reduction in cytochrome-c activation efficacy compared to wild-type
myristoylated ctBID (Martin et al., 2011, Zha et al., 2000, Udenwobele et al., 2017)

1.2  Protein S-acylation

One of the most prevalent forms of lipidation (and the focus of this thesis) is S-
acylation, which is also sometimes referred to as palmitoylation (Chamberlain and
Shipston, 2015). S-acylation involves the reversible attachment of long chain fatty
acids onto protein substrates via a liable thioester bond to cysteine residues. The term
palmitoylation is often used interchangeably with S-acylation, and this is historical
based on early work that used *H-palmitate to study S-acylation (palmitic acid —
C16:0) (Forrester et al., 2011). However, subsequent studies have shown that S-
acylated proteins can be modified by a variety of saturated and unsaturated fatty acyl
chains, including myristic acid (C14:0), palmitoleic acid (C16:1), stearic acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2), and arachidonic acid (C20:4) (Greaves et al.,
2017, Chamberlain and Shipston, 2015). Since being discovered in 1979 using thin-
layer and gas-liquid chromatography, S-acylation is becoming more widely studied
and better understood, with an ever-increasing diversity of S-acylation substrates
being elucidated. Indeed, proteomic analyses have suggested that at least 20% of the
human proteome might be S-acylated (Schmidt and Schlesinger, 1979, Chamberlain
and Shipston, 2015, Blanc et al., 2015, West et al., 2022, Blanc et al., 2019).

The principal effect of S-acylation is to increase the hydrophobicity of the modified
protein, and this can impact membrane association, protein trafficking, stability, and
protein interactions. Despite these range of effects of S-acylation on proteins, it is not
possible to accurately predict the effect(s) that S-acylation will have on an individual

protein; however, the modification of soluble proteins is normally followed by a change



in membrane association and localisation (Chamberlain and Shipston, 2015). For
example, soluble steroid receptors that are usually localised to the nucleus of cells
(e.g., oestrogen, progesterone, and androgen receptors) become associated with the
plasma membrane when S-acylated at a single cysteine residue in the ligand binding

domain of the receptor (Pedram et al., 2012, Chamberlain and Shipston, 2015).

1.3 The zDHHC family of enzymes

The process of protein S-acylation is mediated by a family of twenty-three mammalian
“ZzDHHC” acyltransferase enzymes (Fukata et al., 2004) (Figure 1.1). Collectively,
zDHHC enzymes mediate the S-acylation of over 10% of proteins in the mammalian
proteome, covering at least 1,838 mammalian genes which encode an S-acylated
protein (Sanders et al., 2015, Zhang and Hang, 2017). These enzymes, which were
first discovered in 2002 in the yeast Saccharomyces cerevisiae (Lobo et al., 2002,
Chamberlain and Shipston, 2015), are defined by the presence of a conserved 51-
amino acid zinc finger cysteine-rich domain (CRD) containing an aspartic acid —
histidine — histidine — cysteine (DHHC) tetra peptide motif, which is the catalytic site
responsible for S-acylation activity (Lobo et al., 2002, Roth et al., 2002).

Protein S-acylation uses a co-enzyme A (CoA) derivative for the attachment of fatty
acids to substrates. The main enzymatic process is theorised to occur through the
catalytic triad of active site residues at the DHHC region (for zDHHC20, this is at
Asp153, His154 and/or His155, and Cys156). The domain operates through a
catalytic “ping-pong” reaction in which His154 is polarised by Asp153 and then
extracts a proton from Cys156 creating a cysteine thiolate nucleophile, which in turn
attacks the fatty acyl-CoA to form an “autoacylated” DHHC intermediate. The acyl
chain is subsequently transferred to a cysteine residue of a protein substrate (Rana
et al., 2018b). It is also worth noting that a small number of zDHHC enzymes have
atypical catalytic motifs, including the DQHC motif in zDHHC13 (Malgapo and Linder,
2021) and the DHYC motif in yeast Akrip (Mitchell et al., 2006). Furthermore,
mutational analyses have found that a DHHR mutant of SwF1 retains activity
(Gonzéalez Montoro et al., 2015) and a DAHC mutation in yeast ERF2-ERF4
undergoes autoacylation but is unable to transfer the acyl chain to substrates (Mitchell
et al., 2010, Rana et al., 2018b).



All zDHHC enzymes are predicted to be polytopic integral membrane proteins that
share some conserved topology (Figure 1.2). The highest percentage amino acid
identity between zDHHC enzyme isoforms is in the catalytic DHHC-CRD that it is
situated within the cytoplasm (Chamberlain and Shipston, 2015). Most zDHHC
enzymes have four transmembrane domains (TMDs), however variations between
zDHHC isoforms do exist: zDHHC4 and zDHHC24 have five TMDs, and zDHHC13,
zDHHC17 and zDHHC23 have six TMDs (Malgapo and Linder, 2021). zDHHC13 and
zDHHC17 are also notable due to the presence of an N-terminal cytosolic ankyrin
repeat (AR) domain which has been shown to be important for enzyme-substrate

recognition (Figure 1.2) (Lemonidis et al., 2015c).

Research from the Banerjee group in 2018 reported the first X-ray crystal structures
of zDHHC enzymes (Rana et al.,, 2018a). Specifically, the team published the
structures for human zDHHC20 and for zebrafish zDHHS15 (catalytically inactive).
For zDHHC20, (365 aa), the N-terminus is cytoplasmic (aa 1-14) followed by four
TMDs (TMD1 — aa 15-35; TMD2 — aa 54-74; TMD3 — aa 170-190; TMD4 — aa 208-
231), with two lumenal loops (aa 36-53 & aa 191-207), a cytosolic loop (aa 75-169),
and a C-terminal cytoplasmic tail (aa 232-365); with the DHHC-CRD present in the
cytosolic loop and extending into TMD3 (aa 126-176). The four transmembrane
helices of zDHHC20 were found to form a “tepee-like” topology in the membrane with
the tip facing the extracellular/lumenal side of the membrane and the wider cavity
structure being cytoplasmic. This open cavity structure allows for the insertion of acyl
chains i.e., fatty acid acyl-CoA (Malgapo and Linder, 2021). The amino acid residues
in the TMDs and spatial availability within the cavity have been shown to contribute to

the acyl-CoA selectivity of the zDHHC enzymes.

The acyl chain preference of zDHHC20 was shown to be for shorter chain fatty acids
(C14, C16), whereas the enzyme was not as well acylated by C18 chains. Analysis of
the crystal structure identified that Tyr-181 in TMD3 formed a H-bond with Ser-29 in
TMD1 that appeared to close the cavity at the lumenal side of the membrane. Indeed,
replacement of Tyr-181 with a less bulky alanine residue resulted in an increased
preference for stearoyl (C18)—CoA. They further showed that introduction of a bulkier
phenylalanine in place of Ser-29 increased the preference of the enzyme for short-
chain acyl-CoA (Rana et al., 2018a). These findings with zDHHC20 help inform the
results of an earlier study from the Greaves and Chamberlain groups, which looked

at the differences in fatty acid selectivity between the two related enzymes, zDHHC3



and zDHHC7 (Greaves et al., 2017). Specifically, zDHHC3 was shown to be
significantly less able to incorporate longer C18:0 chains into substrate proteins than
zDHHCY7. Detailed mutagenic analysis and construction of chimeric proteins found
that this difference in fatty acid selectivity was attributable to a single amino acid in
TMD3. Replacement of a highly-conserved lle-182 in zZDHHC3 with a less bulky serine
(present at the same position in zZDHHC7), led to zDHHC3 having the same fatty acid
selectivity profile as zZDHHC7 and an increased ability to use longer chain fatty acids
(Greaves et al., 2017). Interestingly, lle-182 of zDHHC3 is present at the same
position in TMD3 as Tyr-181 of zDHHC20.

zDHHC6

zDHHC16

zDHHC21

ZDHHC?7

zDHHC3

zDHHC15

zDHHC20

zDHHC2
zDHHC17

zDHHC13
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Figure 1.1 Evolutionary relationship between zDHHC enzymes. Phylogenetic
cladogram tree of the 23 human zDHHC acyltransferases generated using the
ClustalW2 package via the Simple Phylogeny tool from EMBL-EBI (Saitou and Nei,
1987, Madeira et al., 2022).



The maijority of zZDHHC enzymes appear to localise to the endoplasmic reticulum (ER)
and Golgi. However, it is important to note that the analysis of zZDHHC localisation has
been restricted to the use of epitope-tagged over-expressed enzymes. Furthermore,
there are some conflicting reports on the localisation of certain isoforms that could
relate to over-expression effects or cell type differences. In addition to ER and Golgi
localisation, there are a small number of proteins that appear to associate with post-
Golgi compartments including the plasma membrane and recycling endosomes -
these include zDHHC2, zDHHC5 and zDHHC20 (Ohno et al., 2006, Lemonidis et al.,
2015c, Greaves et al., 2011, Fernandez-Hernando et al., 2006). Furthermore,
zDHHC2 and zDHHC5 has been shown to cycle between the plasma membrane and
recycling endosomes (Salaun et al., 2017, Greaves et al., 2011, Brigidi et al., 2015).
Super-resolution microscopy explored the distribution of Golgi zZDHHC enzymes in
more detail and showed that most Golgi isoforms were localised to the cis-Golgi, with
zDHHC9, 11 & 15 being trans-Golgi (Ernst et al., 2018). zDHHC17 has also been
found to associate with both cytoplasmic vesicle membranes (Goytain et al., 2008)

and presynaptic cell membranes (Stowers and Isacoff, 2007).

There is currently little information about specific mechanisms that mediate zDHHC
localisation (Chamberlain and Shipston, 2015). However, zDHHC4 and zDHHCG6
have been shown to contain lysine-based sorting signals within their C-terminal tails
that restrict these enzymes to the ER (Gorleku et al., 2011). This study found that the
ER targeting signals for these enzymes were a KXX motif for zZDHHC4 and a KKXX
motif for z-DHHCG (at the extreme C-termini of the enzymes). These sites were further
confirmed as ER retention signals as their appendage onto the C-terminus of zDHHC3
redistributed this Golgi isoform to the ER (Gorleku et al., 2011). More recently, a
transcriptional variant of zDHHC20 triggered by SARS-CoV-2 infection has been
discovered that is N-terminally extended by 67 amino acids. Not only is this
zDHHC20-long variant 37x more efficient at S-acylating the spike protein of SARS-
CoV-2, but surprisingly it localises exclusively to the ER (as opposed to the plasma
membrane for the canonical zDHHC20 isoform) (Mesquita et al., 2023). The team
from the lab of Gisou van der Goot, were further able to show through protein
truncation mutagenesis and confocal microscopy that a tetrapeptide PERW motif at
the N-terminus of zDHHC20-long was responsible for its localisation to the ER
(Mesquita et al., 2023).
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Figure 1.2. Topology of zDHHC17 and the S-acylation of proteins. (A)Schematic
diagram of zDHHC17, displaying the topological placement of the ankyrin repeat, aa
51-286 (green); DHHC domain (orange), aa 437-487; and transmembrane domains
(TMD) (blue): TMD1, aa 305-325; TMD2, aa 326-346; TMD3, aa 358-378; TMD4, aa
382-402; TMD5, aa 481-501; and TMD6, aa 530-550. (B) (1.) Reversible fatty acid
attachment to substrate proteins through co-enzyme A (CoA) transfer of palmitate or
other long-chain fatty acids presented by zDHHC enzymes. (2.) S-acylated protein
association at the plasma membrane via fatty acid attachment/increased
hydrophobicity. (3.) De-acylation of S-acylated proteins through acylthioesterase

mediated detachment of long-chain fatty acids.
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1.4 zDHHCA17

As highlighted above, zDHHC13 and zDHHC17 are unique in the zDHHC enzyme
family as they contain an N-terminal ankyrin repeat domain that has been shown to
be important for substrate selectivity (Lemonidis et al., 2015a). For zDHHC17 (632 aa
— UniProt: Q8IUH5, ZDH17_HUMAN), the N-terminus is cytoplasmic (aa 1-304) and
encompasses the ankyrin repeat (AR) domain (aa 51 - 286). This motif is comprised
of seven ankyrin repeats each made up of 33 amino acids, which per repeat form two
alpha helices separated by a loop. Following the large N-terminal cytoplasmic region
are six TMDs (TMD1 - aa 305-325; TMD2 - aa 326-346; TMD3 - aa 358-378; TMD4 -
aa 382-402; TMD5 - aa 481-501; TMDG6 - aa 530-550), with two lumenal loops (aa
379-381 & aa 502-529), two cytosolic loops (aa 347-357 & aa 403-480), and a C-
terminal cytoplasmic tail (aa 551-632); with the DHHC-CRD (aa 437-487) present in
the cytosolic loop between TMD4 and TMDS5 (figure 1.2 and figure 1.4).

zDHHC17 has also been shown to interact with a number of different proteins. For
instance, the biomedical interaction repository database, BioGRID, curates a list of
295 proteins from studies with data showing that they interact with human zDHHC17
(Stark et al., 2006). The top BioGRID interactors of human zDHHC17 in Table 1.3,
shows proteins from BioGRID that have three or greater points of evidence for
interaction with zDHHC17. Alongside this, figure 1.3 shows the top interactions of
zDHHCA17 generated using the protein-protein association network website - STRING
(v11) (Szklarczyk et al., 2019). For comparison, outputs generated in figure 1.3, are
also highlighted in Table 1.3 From these results two of the highest scoring proteins
are Huntingtin protein (HTT) and DnaJ (Hsp40) homolog, subfamily C, member 5
(DNAJCS), which were shown to bind to the ankyrin repeat domain of zDHHC17
(Lemonidis et al 2015). DNAJCS5 is also known as Cysteine string protein a (CSPa),

and the latter name will be used throughout the thesis.
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Table 1.3: Top BioGRID interactors of human zDHHC17

Interactor Description
1 HTT Huntingtin
2 SPRY2 Sprouty homolog 2 (Drosophila)
3 DNAJC5 (CSP) DnadJ (Hsp40) homolog, subfamily C, member 5
4 FAM135B Family with sequence similarity 135, member B
5 BSCL2 Berardinelli-Seip congenital lipodystrophy 2 (seipin)
6 NRG1 Neuregulin 1
7 TAF8 TAF8 RNA polymerase I, TATA box binding protein (TBP)-associated factor, 43kDa
8 SPRED1 Sprouty-related, EVH1 domain containing 1
9 C3AR1 Complement component 3a receptor 1
10 PLSCR4 Phospholipid scramblase 4
11 SPRED2 Sprouty-related, EVH1 domain containing 2
12 LPAR1 Lysophosphatidic acid receptor 1
Interactors in bold were also outputs from the protein-protein association network website, STRING (v11) - figure 1.3

Table 1.3. Top BioGRID interactors of human zDHHC17. Table showing the top
protein interactors of zDHHC17. Total number of protein interactors generated from
the BioGRID biomedical interaction repository database = 295. Only proteins with
three or greater points of high and/or low throughput physical evidence of interaction
evidence are shown (Stark et al., 2006). Interactors in bold were also outputs from

the protein-protein association network website, STRING (v11) - figure 1.3.
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Figure 1.3. Interactions of zDHHC17. Interaction network for Homo Sapiens
acyltransferase ZDHHC17 generated using the protein-protein association network
website - STRING (v11) (Szklarczyk et al., 2019). Network nodes (circles) represent
proteins splice isoforms or post-translational modifications are collapsed, i.e., each
node represents all the proteins produced by a single, protein-coding gene locus.
Edges (lines) represent shared physical complex. The edges indicate that the directly
linked proteins are part of the same physical complex; commonly in large complexes
this may not signify they are directly binding to each other. Line thickness indicates
the strength of data support: low (0.150), medium (0.400), High (0.700), and highest
(0.900). Data support includes experiments (experimental/biochemical data),
databases (association in curated databases only), and textmining (co-mentioned in

PubMed abstracts). Interactions with strength of data support > 0.300 are shown.
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Figure 1.4. Structure of zDHHC17. AlphaFold structural prediction model of
palmitoyltransferase zZDHHC17 (Homo sapiens; UniProt: Q8IUHS - ZDH17_HUMAN).
Schematic indicating the approximate spatial location of the ankyrin repeat domain,
the DHHC domain, transmembrane domains 1-6 (TMD), and the N/C terminal ends,
relative to the Golgi membrane. AlphaFold produces a per-residue confidence score
(pLDDT) between 0 and 100. Some regions below 50 pLDDT may be unstructured in
isolation. AlphaFold protein structure database developed by DeepMind and
European Molecular Biology Laboratory-European Bioinformatics Institute (EMBL-
EBI) (Varadi et al., 2022, Jumper et al., 2021).
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1.5 Protein deacylation

S-acylation is a reversible modification and deacylation is mediated a variety of
deacyltransferases which facilitate the hydrolysis of fatty acyl chains from protein
substrates. Three classes of deacylation enzymes have been identified including:
acyl-protein thioesterases (APTs), a/f hydrolase domain-containing proteins
(ABHDs), and palmitoyl-protein thioesterases (PPTs) (Koster and Yoshii, 2019).

Acyl-protein thioesterases (APT)

APT1 and APT2 (also known as LYPLA1 & 2) were identified in two separate studies
in 1998 and 1999, respectively (Duncan and Gilman, 1998b, Toyoda et al., 1999).
There is a 68% amino acid identity between these two proteins (UniProt alignment,
percentage identity between LYPLA1_HUMAN (230 aa) & LYPLA2_HUMAN (231
aa)), however, they have been shown to be functionally active against different
substrates (Chamberlain and Shipston, 2015, Greaves, 2021). For instance, APT1 is
active against eNOS (Yeh et al., 1999), H/N-RAS (Duncan and Gilman, 1998a), p2-
adrenergic receptors (Adachi et al., 2016), Ga subunits (Duncan and Gilman, 1998a),
and BK potassium channels (Tian et al., 2012). Whereas APT2 is active against
tumour necrosis factor receptor (TNFR) (Zingler et al., 2019), GAP-43 (Tomatis et al.,
2010), zDHHC6 (Abrami et al., 2017), Scrib (Hernandez et al., 2017), melanocortin 1
receptor (Chen et al., 2019), and HRAS (Duncan and Gilman, 1998a).

APTs were shown to also be S-acylated, with this modification regulating the cellular
localisation of these soluble enzymes (Vartak et al., 2014, Koster and Yoshii, 2019).
APT1 is anchored to the Golgi by S-acylation, and deacylation releases the enzyme
into the cytoplasm (Vartak et al., 2014). Deacylation is mediated either by APT1
“autodeacylation” or by APT2 (Vartak et al., 2014, Kong et al., 2013). APT2 is also
reversibly S-acylated on Cys-2. An S-acylation-defecient mutant of APT2 (Cys2Ser)
was shown to have weak membrane affinity and was more suceptiable to lysine
ubiquitination/proteosomal degredation, and had a faster turnover rate than APT2 WT
(Abrami et al., 2021). Overall, these results highlight the importance of S-acylation
and deacylation as important regulatory steps for APT stabilisation, localisation, and

function.
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Protein palmitoyl thioesterases (PPT)

Prior to the discovery of APT1 and APT2, the first thioesterase discovered was PPT1
(palmitoyl protein thioesterase 1), and this enzyme was shown to be active towards
HRAS (Camp and Hofmann, 1993). Four years later, a related enzyme PPT2 was
identified and cloned by the same group (Soyombo and Hofmann, 1997). Unlike,
APTs, PPT1 and PPT2 are targeted to lysosomes and late endosomes, where they
are believed to play a role in the catalysis of deacylation in the lysosome during protein
degradation (Chamberlain and Shipston, 2015, Verkruyse and Hofmann, 1996). PPT1
and PPT2 share 26% amino acid identity (UniProt alignment, percentage identity
between PPT1_HUMAN (306 aa) & PPT2_HUMAN (302 aa)). Importantly however,
a comparison between the crystal structures of PPT1 and PPT2 showed that PPT2 is
actually structurally/conformationally constrained in its enzymatic activity. Specifically,
although PPT2 can still remove thioester-linked fatty acyl groups, a significantly
smaller/restricted binding groove within this enzyme means that it is unable to remove
palmitate groups from “bulky” or branched heads of substrates (i.e. palmitoylated
cysteine residues of proteins) (Calero et al., 2003, Soyombo and Hofmann, 1997).
There is some controversy about the intracellular localisation of PPT1, with several
groups studying the functions of the enzyme outside of lysosomes (Lehtovirta et al.,
2001, Ahtiainen et al., 2003, Heinonen et al., 2000). It is still unclear how PPT1 can
localise to both the lysosomes and cytoplasm, but functional studies have revealed

cytosolic functions of the enzyme.

Analysis of knockout (KO) mouse models have revealed that PPT1 has an important
function in the nervous system (Koster and Yoshii, 2019). For instance, PPT1 has
been implicated in the inflammatory activation of astrocytes (Kielar et al., 2007), loss
of GABAergic neurons (Bible et al., 2004), NMDA receptor dysregulation, immature
dendritic spine morphology (Koster et al., 2019), and axonal connectivity deficits
(Chu-LaGraff et al., 2010). The importance of these activities is reflected in the
reduced lifespan of PPT1/PPT2 KO models by 10 months of age, there is a 100%
mortality rate for PPT1 KOs and a 20% mortality rate for PPT2 KOs (Gupta et al.,
2001, Swarbrick et al., 2020). In humans, mutations in the PPT1 gene cause infantile
neuronal ceroid lipofuscinosis (INCL) (Gupta et al., 2001, Vesa et al., 1995). This
lysosomal storage disorder has the characteristic feature of acculmulation of

autofluorescent storage material (‘lipofuscin’) and subsequent neurodegeneration (a
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topic which will be discussed later in the text), which leads to rapid and early death of
affected infants (Won et al., 2018).

a/B hydrolase domain proteins (ABHDs)

APT enzymes are members of the metabolic serine hydrolase (mSH) superfamily
family, which also include a/B hydrolase domain (ABHD) proteins. There are more
than 50 different ABHD isoforms, which share common/conserved features. Notably
ABHD proteins contain a cannonical a/B hydrolase fold made up of eight B-strands
with an antiparralel B2 strand. The B-strands form a core 3-sheet surrounded by a-
helices and loops which connect the B-strands (See figure 1 of Lord, Thomas and
Brown (2013)) (Bononi et al., 2021). The enzymes mediate their hydrolytic activity via
a highly conserved catalytic triad comprised of a nucleophile residue (Ser, Cys, or
Asp) in strand 5, an acidic residue (Glu or Asp) after strand (7, and a histidine
residue after the last B8 strand. Most ABHDs also exhibit acyltransferase activity due
to the conserved His-XXXX-Asp region (where X is any amino acid). Conversely
making some ABHDs (such as ABHD5) both hydrolases and acyltransferases (Bononi
et al., 2021, Lord et al., 2013)

ABHD17 proteins are of particular interest and are further subdivided into ABHD17A,
ABHD17B, and ABHD17C (Remsberg et al., 2021). Like other deacylases identified
so far ABHDs undergo dynamic S-acylation at their N-terminal end (Won et al., 2018;
Zaballa and van der Goot, 2018). ABHD17 proteins share a highly conserved N-
terminal cysteine-rich region containing 4-5 cysteine residues, which are now known
to be S-acylated. This S-acylation appears to be important for the localisation of
ABHD17, as an N-terminal truncation mutant of ABHD17 lacking the modified
cysteines displayed reduced plasma membrane association compared to the WT

protein in HeLa cells (Martin and Cravatt, 2009).

ABHD17 proteins share between 76-78% amino acid identity (UniProt alignment,
percentage identity between AB17A_HUMAN (310 aa), AB17B_HUMAN (288 aa),
and AB17C (329 aa)), and ABHD17 A/B/C have been shown to act on similar
substrates. Specifically, the proteins have been shown to mediate the deacylation of
MAPG (Tortosa et al., 2017), PSD95, and N-RAS (Remsberg et al., 2021). In COS-7
cells the deacylation of N-RAS by ABHD17 was shown to redistribute the RAS protein

away from the plasma membrane (as N-RAS is anchored to the membrane via S-
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acylation) (Lin and Conibear, 2015, Remsberg et al., 2021). These observations have
sparked interest in the potential of ABHD17 to have a tumour suppressor role via its
effects on N-RAS localisation, as plasma membrane association is required to
promote cell growth/signalling. Interestingly, the 2015 study by Lin and Conibear
showed that ABHD17A was the most effective isoform at mediating the deacylation of
N-RAS and PSD95. ABHD17A was found to localise to Rab5- and Rab11-positive
endosomes, in addition to the plasma membrane (Lin and Conibear, 2015). The
membrane localisation of ABHD17 is critical to allow it to deacylate its substrate
proteins and an N-terminal truncation of ABHD17A lacking the S-acylated cysteine
was unable to act on either PSD95 or N-RAS (Lin and Conibear, 2015). Overall, the
findings from this study show that both an active a/f hydrolase catalytic domain and

appropriate ABHD localisation are required for the deacylation of ABHD17 substrates.

1.6 Effects of S-acylation on substrate proteins

A large body of published research over the last few decades has highlighted a range
of effects of S-acylation on modified proteins. The principal effect that S-acylation has
on proteins is presumably an increase in hydrophobicity and subsequent increased
association of the protein or specific proteins domains with membranes. This change
in hydrophobicity and membrane association can subsequently alter protein

interactions, localisation, stability, and trafficking (Chamberlain and Shipston, 2015).

S-acylation of peripheral membrane proteins

One of the most prominent effects of S-acylation is to increase membrane association
of soluble proteins (i.e., proteins that lack a transmembrane domain). Cytosolic
proteins and/or intrinsically hydrophilic proteins are targeted to and anchored at the
cytoplasmic face of the plasma membrane via the attachment of long-chain fatty
acids. These proteins are often signalling molecules and indeed one of the most
widely studied protein families that makes use of S-acylation for this purpose is the
Ras family. Ras proteins are small GTPases which couple extracellular signals to
intracellular effector pathways acting as molecular switches (switching between GTP
and GDP binding modes) (Busquets-Hernandez and Triola, 2021). Ras proteins have

key functions in cell differentiation, proliferation, differentiation, and survival (Daniotti
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et al., 2017), and indeed hyperactivating Ras mutations are a frequent cause of
cancer (Murugan et al., 2019). It is thought that around 20% of cancer patients exhibit
mutations in RAS, with the protein being among one of the most frequently altered
oncogenes (Hobbs et al., 2016, Prior et al., 2020, Busquets-Hernandez and Triola,
2021). In humans, three RAS genes encode for four Ras proteins: N-RAS, H-RAS, K-
RAS4A, and K-RAS4B (K-RAS is encoded as two alternatively spliced isoforms)
(Hobbs et al., 2016).

Peripheral membrane proteins that are S-acylated, such as Ras, often undergo “dual”
lipid modification where the proteins are modified by both S-acylation, and also N-
myristoylation or prenylation. For instance, both H-Ras and N-Ras undergo
prenylation (farnesylation) due to the presence of a C-terminal CaaX box domain, and
S-acylation of neighbouring cysteine residues in the C-terminus. Ras proteins first
undergo farnesylation in the cytosol allowing transient association with cell
membranes including the cytosolic face of the ER. Once at the ER, the C-terminal
aaX motif is cleaved by the endopeptidase Rce1, and the exposed farnesylated
cysteine residue is subsequently methylated by the isoprenylcysteine carboxyl
methyltransferase, lcmt (Daniotti et al., 2017). In this state, Ras only has a weak
membrane affinity and cycles on and off membranes. This membrane cycling allows
Ras to “sample” cell membranes and when it interacts with the Golgi complex, it
becomes S-acylated by resident zDHHC enzymes (likely by zDHHC9/GCP16). H-Ras
is S-acylated at both Cys181 and Cys184, whereas N-Ras is S-acylated at Cys181
alone. This modification and increase in hydrophobicity results in stable membrane
association of Ras and allows it to move into budding vesicles that deliver it to the
plasma membrane by vesicle-mediated transport (Daniotti et al., 2017, Rocks et al.,
2006). Once at the membrane, H-RAS and N-RAS have been observed to cycle
between membrane-bound and soluble states in response to S-acylation and de-

acylation, respectively (Rocks et al., 2010, Vartak et al., 2014) (Figure 1.2 B).

S-acylation of transmembrane proteins

Although transmembrane proteins are intrinsically attached to membranes, S-
acylation can have profound effect on their stability, activity, structure, and topology
(Chamberlain and Shipston, 2015). For instance, a recent study investigating showed
that S-acylation of the plant receptor kinase flagellin sensing 2 (FLS2) protein, which

is essential for immunity against bacterial pathogens, is required to stabilise co-
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receptor interaction at the plasma membrane for effective signal transduction (Hurst
et al., 2023). Specifically, FLS2 S-acylation stabilies the interaction between FLS2
and BRI1-associated receptor kinase 1 (BAK1) at the membrane. This interaction
delays endocytosis of activated FLS2 complexes, thereby maintaining constitutive
active signalling (Hurst et al., 2023). Although FLS2 is modified at a pair of cytosolic
juxta-transmembrane domain cysteines (Cys-830 & Cys-831; where FLS2 TMD is
V807-1827), these residues were dispensable for the observed effects of S-acylation.
Instead, two additional downstream cysteine residues (Cys-1132 & Cys-1135) in the
C-terminal end of the protein were also shown to be S-acylated and responsible for
FLS2-BAK1 stabilisation.

In addition to modification at N- or C-terminal cysteines, S-acylation can also occur at
other regions of transmembrane proteins. In particular, transmembrane proteins are
often S-acylated in close proximity to the membrane interface, where the addition of
a fatty acid chain may confer structural constraints to the TMD protein. For instance,
the calcium-binding glycoprotein-interacting protein, calnexin is S-acylated on Cys-
502 & Cys-503, which are just at the end of the TMD helix and at the
membrane/cytosol interface. S-acylation of calnexin on these residues has been
suggested to modify the orientation of the TMD and cytoplasmic tail, which in turn
enhances the targeting of calnexin to ER ribosome-translocon complexes (as
opposed to ER tubules) (Chamberlain and Shipston, 2015, Lakkaraju et al., 2012).
This type of membrane proximal cysteine S-acylation was attributed to the activity of
zDHHCB6 which is localised to the ER (Lakkaraju et al., 2012). Indeed, a recent study
suggested that zDHHCG6 may play a broad role in the modification of ER proteins with

cysteines positioned at the cytosol/membrane interface (Salaun et al., 2023).

TMD proteins can also be S-acylated at intracellular loops between the TMDs of multi-
pass domains. For instance, the calcium-activated potassium channel subunit a-1
(also known as Kca1.1 or BK channel a-subunit) are voltage gated K* channels
essential for the regulation of several key physiological processes including smooth
muscle tone and neuronal excitability (Yang et al., 2015). Research from the Shipston
group in 2010, showed that BK channels are S-acylated at Cys-53, 54, & 56, within a
cytosolic linker region between the first TMD (termed SO) and the second TMD
(termed S1) (Jeffries et al., 2010). Immunofluorescence analysis of mutants with
substitutions in the S-acylation sites (C53/54/56A) revealed that this modification is

important for cell surface expression. However, S-acylation at these sites did not
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appear to have any effect on single channel conductance or the calcium/voltage

sensitivity (Jeffries et al., 2010).

It was subsequently shown that S-acylation of the BK channel intracellular loop is
mediated by zDHHC22 and zDHHC23, whereas deacylation is mediated by APT1
(Tian et al., 2012). Furthermore, whereas S-acylation is known to regulate BK channel
cell surface expression (Jeffries et al., 2010), APT1 deacylation of BK channels was
also suggested to be a critical checkpoint in the control/trafficking of the ion channel
for cell surface expression. Both the C53/54/56A mutant (S-acylation deficient) and
WT channel showed accumulation at the trans Golgi network and reduced plasma
membrane association when co-expressed APT1 (Tian et al., 2012). Interestingly, an
alternatively spliced variant of the BK channel known as the ZERO variant, which
lacks the Stress-regulated exon (STREX) insert is also S-acylated but by a different
set of zDHHC enzymes (zDHHCs 3, 5, 7, 9, and 17) (Tian et al., 2008, Tian et al.,
2010).

S-acylation in protein trafficking

S-acylation can impact the trafficking of both soluble and transmembrane proteins,
including the C-C chemokine receptor type 5 (CCR5), which is a cell surface class A
G-protein coupled receptor (GPCR), that functions as a chemokine receptor on white
blood cells during the human inflammatory response (Jansen and Beaumelle, 2022).
CCRS5 interacts with Ga, GB, and Gy at the plasma membrane and can activate
signalling through PI-3K, JAK/STAT, and PLC, which leads to the activation of
downstream effector pathways such as ERK1/2, p38, and JNK (Jansen and
Beaumelle, 2022). CCRS5 has been a focus of particular interest mainly due in its role
as a co-receptor for the host cell entry of human immunodeficiency virus (HIV)
(Barmania and Pepper, 2013, Dragic et al., 1996, El-Zohairy et al., 2021). In addition,
CCRS5 has been implicated in disease states including cancer (Jiao et al., 2018, Jiao
et al., 2021) and brain injury (i.e., stroke) (Joy et al., 2019).

CCRS5 is S-acylated on Cys-321, Cys-323 and Cys-324 in the C-terminal tail of the
protein (Blanpain et al., 2001, Kraft et al., 2001). The S-acylation of these residues is
essential for efficient trafficking and secretion of CCR5, with zDHHC3, 7, and 15,
being identified as candidate enzymes for mediating the S-acylation of CCRS5
(Boncompain et al., 2019). The S-acylation of CCRS is important for trafficking of the
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protein as non-acylated mutants are retained at the Golgi. Furthermore, non-acylated
CCRS5 that reaches the plasma membrane is rapidly internalised and degraded. The
reason for this is unclear although S-acylation appears to be important for the
association of CCR5 with cholesterol in plasma membrane raft domains and also
plays arole in clathrin- and caveolae-dependent endocytosis (Jansen and Beaumelle,
2022, Boncompain et al., 2019). The reduced membrane association of non-acylated
CCRS5 affects its ability to interact with HIV, and therefore reduces in HIV-1 entry and
de novo virus production (Boncompain et al., 2019). This observation has led to
interest in targeting S-acylation of CCR5 as an effective therapeutic approach in

controlling viral entry and/or other disease processes.

Another example of a transmembrane protein that is regulated by S-acylation is
lipoprotein-receptor-related protein 6 (LRP6). LRP6 has been described for its role in
the Wnt signalling pathway and more importantly has been found to be required for
the endocytosis of anthrax toxins into the cytoplasm (Abrami et al., 2008a). LRP6
undergoes S-acylation of juxta-transmembrane cysteine residues at the ER, and
blocking this process through mutagenesis of target cysteines leads to ER retention,
aggregation, and degradation (via lysine monoubiquitination) (Abrami et al., 2008b).
It was suggested that the retention of LRP6 occurs due to hydrophobic mismatch of
the long TMD (23 aa) of LRP6 with the thin ER membrane. Resulting in the exposure
of hydrophobic regions of the TMD with charged phospholipid headgroups and
subsequent aggregation of the protein. In this case, modelling analysis predicted that
S-acylation of cysteines in proximity to the TMD promoted its tilting in the membrane
to minimise hydrophobic mismatch, allowing for proper assembly and trafficking to the

plasma membrane (Abrami et al., 2008b).

S-acylation and protein targeting to lipid rafts

In addition to targeting CCRS5 to raft domains, S-acylation has been proposed to be a
more general signal for protein targeting to cholesterol-rich raft subdomains
(Kordyukova et al., 2019). Lipid rafts are liquid-ordered domains found with cell
membranes that are thought to be highly dynamic assemblies of cholesterol,
sphingolipids, and relevant proteins. The proteins that are targeted to raft domains
include GPl-anchored proteins but also acylated proteins modified with saturated acyl
chains (which have a high affinity for tightly-packed raft structures) (Sezgin et al.,
2017). Lipid rafts have been suggested to be organising platforms for signalling
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pathways and neurotransmitter release pathways by facilitating co-sequestration and
a closer interaction of interacting proteins at the membrane (Sviridov et al., 2020).
One group of proteins that are known to associate with raft domains is the SNARE
protein family, which play important roles in membrane fusion pathways, including
those pathways that mediate neurotransmitter secretion (Greaves et al., 2010a). The
related SNARE proteins, SNAP25 and SNAP23, are known to be targeted to the
plasma membrane due to the S-acylation of a central cysteine-rich domain.
Furthermore, the extent of S-acylation of this domain was shown to be a key factor
controlling their association with lipid raft domains (Salalin et al., 2005a, Salain et al.,
2005Db).

The cysteine-rich domain (CRD) of SNAP25b contains four closely spaced Cys
residues: C85, C88, C90, & C92; whereas the CRD of SNAP23 contains five
cysteines: C79, C80, C83, C85, & C87 (Greaves et al., 2010a, Vogel and Roche,
1999). In PC12 cells, endogenous SNAP23 exhibited a 54% association with
detergent-insoluble lipid rafts, whereas SNAP25 only showed a 20% raft association
(Salaiin et al., 2005b). This was an interesting observation considering that the
proteins share 61% amino acid identity (UniProt alignment, percentage identity
between SNP25 HUMAN (206 aa) & SNP23_HUMAN (211 aa)). Interestingly, single
point mutation analysis of both proteins revealed that Cys-79 within SNAP23 and Phe-
84 within SNAP25b are the critical residues which determine the level of lipid raft
association (Cys-79 and Phe-84 are present at the same position in SNAP23 and
SNAP25, respectively). Specifically, it was shown that replacement of Cys-79 in
SNAP23 with a Phe residue (to mimic SNAP25b) decreased detergent-insoluble lipid
raft association to a similar level as seen for SNAP25b. Conversely, substitution of
Phe84 in SNAP25b with a Cys residue (to mimic the sequence of SNAP23) enhanced
raft association to a similar level as seen for SNAP23 (Salaln et al., 2005b). Strikingly,
the F84C mutant of SNAP25 was less active in exocytosis than SNAP23 WT and the
C79F mutant of SNAP23 was more active than SNAP23 WT (Salaun et al, 2005).
These results suggest that the level of raft association of SNAP25 and SNAP23 might
be determined by their level of S-acylation and that there is an inverse relationship

between raft association and functional activity in exocytosis.
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1.7 Links between S-acylation and disease

Cancer

There is growing evidence linking S-acylation to cancer, which is perhaps not
surprising given that many cancer driving genes are modified by acylation (Yeste-
Velasco et al., 2015, Ko and Dixon, 2018). As previously discussed, S-acylation is
important in the signalling activity of small GTPases such as RAS (Busquets-
Hernandez and Triola, 2021). In humans, three RAS genes encode for four Ras
proteins: N-RAS, H-RAS, K-RAS4A, and K-RAS4B (K-RAS is encoded as two
alternatively spliced isoforms) (Hobbs et al., 2016). Around 20% of cancer patients
exhibit mutations in RAS, with the protein being among the most frequently altered
oncogenes, and the oncogenic mutations typically trap RAS in a GTP-locked active
state, leading to enhanced signalling and cellular proliferation (Hobbs et al., 2016,

Prior et al., 2020, Busquets-Hernandez and Triola, 2021).

In addition, there is also evidence linking specific zDHHC enzymes to cancer,
including zDHHC14. This enzyme is ER/Golgi localised and highly expressed in the
brain and female tissues (endometrium and breast). zDHHC14 is also predicted to be
the only zDHHC that contains a C-terminal Type-l PDZ binding domain (S/T-X-
hydrophobic-COOH) (Ohno et al., 2006, Sanders et al., 2020, Gunawardana, 2016).
Within axons, zDHHC14 has been shown to control the S-acylation and clustering of
PSD-93 and the associated Kv1-family potassium channels (Sanders et al., 2020).
There is also evidence showing that zDHHC14 is capable of S-acylating B2-
adrenergic receptors, with potential influence on G-protein coupled receptor signalling
(Adachi et al., 2016). However, zDHHC14 has also been shown to associated with
the development of cancer and with suggested roles in apoptosis (Yeste-Velasco et
al., 2014), cell differentiation (Yu et al., 2011), and cell migration and invasion (Oo et
al., 2014)

Early evidence in 2011, found that zDHHC14 was activated through chromosomal
translocation 1(6;14)(925;q32) (Yu et al., 2011). The breakpoint of this chromosomal
translocation is on chromosome 14 which contains the B-cell ymphoma/leukaemia 11
B (BCL11B) gene, associated to acute biphenotypic leukaemia (Wang et al., 2020).
Quantitative real time RT-PCR analysis showed that zDHHC14 was upregulated by
15-fold in leukemic samples compared to controls (Yu et al., 2011). Furthermore, the

same study showed that zDHHC14 overexpression in differentiating K526 cells
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(human immortalised myelogenous leukaemia cell line) resulted in approximately
30% decrease of CD61 expression (CD61 is a marker of megakaryocytic
differentiation). This observation suggested that zDHHC14 could inhibit cellular
differentiation, which is an important aspect considering that inhibition of
differentiation is an early and critical step in leukemogenesis (Yu et al., 2011, Chen et
al., 2022). Subsequent work using siRNA knockdown and overexpression in gastric
cancer cell lines gave evidence for the involvement of zDHHC14 in cancer
progression/invasion by mediating cell adhesion (Oo et al.,, 2014). Conversely, it
should also be noted however that zZDHHC14 has also been implicated as a tumour
suppressor in testicular germ cell tumours (TGCT), where evidence from 2014
suggested that zDHHC14 is involved in apoptosis via influence over the classic
caspase-dependent apoptotic pathway (Yeste-Velasco et al.,, 2014). This study
showed that ZDHHC 14 was downregulated in TGCT and prostate cancer, and next
generation sequencing identified three different single nucleotide mutations in the
ZDHHC14 gene linked to cancer. One was in TGCT (L215S) (SUSA cells) and two in
prostate cancer cells (C181Y & A373Y) (LNCaP) (Yeste-Velasco et al., 2014).
Interestingly both the L215 and C181Y mutations are within the DHHC domain of
zDHHC14, whereas the A373Y is within the C-terminal cytoplasmic tail.

X-linked intellectual disability (XLID)

In addition to cancer, there are also several links between S-acylation and
neurological disorders. The strongest link is between zDHHC9 and X-linked
intellectual disability (XLID) as gene mutations in the ZDHHC9 gene cause this
condition. In addition, disruption of the ZDHHC 15 gene has also been shown to cause
XLID but the evidence for involvement of this isoform in the condition is more limited
(Mansouri et al., 2005, Raymond et al., 2007). As of 2022, 162 genes had been linked
to 42 named XLID syndromes (where XLID occurs with sign and symptoms affecting
other parts of the body) and 27 numbered nonsyndromic XLID families (where a
condition is not associated with other signs and symptoms) (Schwartz et al., 2023).
Mutations in ZDHHC9 are relatively common with 2% of XLID patients reported to
have loss of function mutations in this gene (Baker et al., 2015, Shimell et al., 2019).
The substrate network of zDHHC9 is not clear although there has been interest in the
role of this enzyme as an acyltransferase against RAS since the discovery that the

yeast zDHHC9 homologue (ERF2) was active against yeast Ras2p (Raymond et al.,
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2007, Busquets-Hernandez and Triola, 2021, Lobo et al., 2002, Swarthout et al.,
2005).

The naturally occurring variants in zZDHHC9 include nucleotide changes that result in
amino acid substitutions R148W and P150S; these residues reside within the catalytic
DHHC-CRD of the enzyme. Purified zDHHC9 enzymes containing the R148W and
P150S substitutions were shown to have an altered autoacylation status, thereby
lowering enzymatic activity (Chamberlain and Shipston, 2015, Mitchell et al., 2014). A
major breakthrough in understanding how loss-of-function zZDHHC9 mutations might
cause XLID was delivered by work from the Bamiji group in 2019. They showed that
knockout of zDHHC9 led to reduced dendritic growth, a feature that has been seen in
other forms of ID (Shimell et al., 2019, Quach et al., 2021). Furthermore, their analysis
suggested that the loss of dendrite growth was caused by a loss of S-acylation of N-
Ras. Another interesting finding from this study was that zDHHC9 knock out mice
exhibit increased seizure activity and network excitability (Shimell et al., 2019). This
was linked to a decrease in the activity of inhibitory synapses because of decreased
S-acylation of the small GTPase TC10. Interestingly, childhood epilepsy is a frequent
feature seen in people with zDHHC9 mutations, and it will be interesting to explore if
this is also linked to changes in TC10 and synapse development (Baker et al., 2015).
The Bamiji group also recently reported that zDHHC9 knock out led to an impairment
of oligodendrocyte maturation and myelin formation (Hollman et al., 2023), which
might explain changes in the volume of the corpus callosum (a white matter tract
connecting the two brain hemispheres) seen in both people with zDHHC9 mutations
and zDHHC9 knockout mice (Baker et al., 2015, Kouskou et al., 2018). Taken together
the results of these studies suggest that XLID (and epilepsy) caused by zDHHC9
mutations may arise due to a loss of S-acylation of RAS and TC10 with downstream
effects on dendrite growth, synapse development, and maturation of oligodendrocytes
(Shimell et al., 2019, Hollman et al., 2023).

Huntington’s disease (HD)

Huntington’s disease (HD) is typically an inherited autosomal-dominant adult-onset
neurodegenerative disorder caused by mutations in the Huntingtin gene (HTT). HD
has a prevalence of 10.6-13.7 individuals per 100 000 in western populations, and is
associated with cognitive decline, motor disturbances, and psychiatric symptoms

(McColgan and Tabrizi, 2018). The HTT gene on chromosome 4 contains a CAG
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(encoding glutamine) repeat sequence, which gets expanded in HD, producing a
mutant protein with an expanded polyglutamine (polyQ) repeat sequence in the N-
terminus (McColgan and Tabrizi, 2018). The polyQ region causes protein misfolding,
abnormal trafficking, aggregation, toxicity, neuronal dysfunction, and cell death
(Sutton et al., 2013). It has been challenging to understand how mutant HTT causes
HD as the protein has been reported to interact with over 100 other proteins (Goehler
et al., 2004).

The first connection between HD and S-acylation came from a study that reported
that HTT is S-acylated on a single cysteine (Cys-214) by zDHHC17 and that this is
important for the normal trafficking of HTT. The same study also showed that S-
acylation was disrupted for mutant HTT (mHTT) (Yanai et al., 2006). These findings
suggested that changes in mHTT S-acylation might contribute to the observed toxicity
of the mutant protein. Surprisingly, a subsequent study also suggested that wild-type
HTT, but not mHTT, enhances the S-acylation activity of zDHHC17 (Huang et al.,
2011). Furthermore, the same study showed that mHTT also has a reduced
interaction with zDHHC17 (Sutton et al.,, 2013). This observation suggested that
decreased activity of zDHHC17 (due to loss of regulation by HTT) might also
contribute to some of the features of HD. Indeed, zDHHC17 deficient mice were
shown to develop neuropathological and behavioural features that were consistent
with features seen in HD. These included defects in motor coordination, pre-pulse
inhibition, and hippocampal-dependent spatial learning and memory (Sutton et al.,
2013, Chamberlain and Shipston, 2015). The phenotype of the zDHHC17 mutant
mice is consistent with the notion that a loss of mHTT regulation of zDHHC17 could
contribute to some of the features of HD and this idea clearly warrants further
investigation. Of interest, it is currently unclear how HTT binding to zZDHHC17 might
regulate enzyme activity, not least because the mechanism of HTT interaction with
zDHHC17 was suggested to be similar to other substrate proteins such as SNAP25
(Lemonidis et al., 2015a, Huang et al., 2011, Sanders et al., 2014, Yang and Cynader,
2011).

Neuronal ceroid lipofuscinosis

Neuronal ceroid lipofuscinoses (NCL) are a group of inherited neurodegenerative
disorders that characteristically exhibit an accumulation of autofluorescent “lipofuscin”

in neurons and other cells of the body (Simonati and Williams, 2022). Fourteen

27



different genes have been genetically linked to human NCL, and depending upon the
age of onset, NCLs are classed as early infantile, late infantile, juvenile, and adult
(Henderson et al., 2016, Greaves et al., 2012). One of the best characterised forms
of NCL is infantile NCL (INCL), which is caused by mutations in the lysosomal PPT1
enzyme, which mediates protein deacylation during degradation (Henderson et al.,
2016). INCL is associated with rapid neurodegeneration and death at an early age (2-
4 years old) and there is no known cure for this condition (Simonati and Williams,
2022). Interestingly, another link between S-acylation and NCL came with a group of
studies that reported mutations in the DNAJC5 gene as a cause of adult-onset NCL
(ANCL) (Henderson et al., 2016, Mole and Cotman, 2015).

DNAJCS5 encodes cysteine string protein a (CSPa), which was first described in 1990
as a synaptic vesicle localised chaperone protein (Burgoyne and Morgan, 2015,
Zinsmaier et al., 1990, Chamberlain and Shipston, 2015). The 198 aa protein
regulates exocytosis by functioning as a co-chaperone for the SNARE protein
SNAP25 (described above). CSPa contains a cysteine-rich motif consisting of 14 S-
acylated cysteines within a 25 aa region (aa 112-137) (Burgoyne and Morgan, 2015).
CSPa has been shown to interact with and be S-acylated by zDHHC17 (as well as
zDHHC3, 7, & 15) (Greaves et al., 2012). ANCL is caused by mutations that substitute
amino acids in the cysteine-rich domain, specifically L115R or AL116. Analysis of
these mutant proteins showed that they undergo aggregation and that these
aggregates are visible on SDS gels. Furthermore, the aggregates were shown to be
dependent on S-acylation and perhaps formed due to changes in the S-acylation
status of the mutant proteins (Greaves et al., 2009, Noskova et al., 2011, Benitez et
al., 2011, Velinov et al., 2012, Cadieux-Dion et al., 2013, Diez-Ardanuy et al., 2017).
Interestingly, a subsequent study identified a potential link between PPT1 and CSP in
INCL and ANCL, respectively. Analysis of mutant human CSPa (L115R or AL116)
cortex homogenates, revealed that PPT1 mRNA and protein levels showed a
dramatic increase of approximately 90-fold (Henderson et al., 2016). It would be
interesting to explore if this increase in PPT1 levels relates to an inability to deacylate
mutant CSP during its degradation in lysosomes, which could lead to accumulation of

acylated peptide aggregates as a possble cause of lysosomal dysfunction.
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1.8 S-acylation of SARS-CoV-2

S-acylation is a highly conserved biological process that is not only limited to
mammalian proteins and systems. S-acylation has also been described in plants
(Hurst and Hemsley, 2015), protist, viruses, as well as a few bacterial proteins that
are likely autoacylated (Sobocinska et al., 2017, Chamberlain and Shipston, 2015).
Indeed, the first S-acylated protein to be identified was the glycoprotein of the
vesicular stomatitis virus (Schmidt and Schlesinger, 1979). More recently there has
been an unparalleled volume of research surrounding the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which has been responsible for a global
pandemic and the development of the associated respiratory illness, coronavirus
disease 2019 (COVID-19) (Markov et al., 2023). Where globally as of the 2™ of
November 2023, there have been 771,679,618 confirmed cases of COVID-19,
including 6,977,023 deaths, reported to the W.H.O (World Health Organisation, 2023).

SARS-CoV-2 is a positive-sense single-stranded RNA virus within the family of
Coronaviridae that is contagious in humans (Chan et al., 2020; Machhi et al., 2020).
The genome of SARS-CoV-2 is arranged into 14 open reading frames (Orf) which
encode 31 proteins, grouped into four structural: S (spike), M (membrane), envelope
(E), N (nucleocapsid), 16 non-structural proteins, and 11 accessory proteins (figure
5.0, adapted from Redondo et al., (2021)). Although there have been a small number
of studies investigating the S-acylation of the envelope protein (Sun et al., 2021), by
far the most intensive research has focused on S-acylation of the spike protein. In
order for SARS-CoV-2 to enter the host cell, the viral spike protein (which is a
transmembrane glycoprotein) must interact with the host cell surface protein
angiotensin-converting enzyme 2 (ACE2). Following this, the spike protein is cleaved
by transmembrane serine protease 2 (TMPRSS2) which activates the viruses
membrane-fusion capacity (or endocytosis). Viral genomic RNA (gRNA) is then
released into the cytosol and hijacks host-cell machinery to initiate replication of the
SARS-CoV-2 genome. Assembly of newly synthesised SARS-CoV-2 structural
components takes place within an ER-Golgi intermediate compartment (ERGIC),
which subsequently forms into an exocytotic vesicle enclosing a newly formed virion
(Malone et al., 2022).

ERGIC assembly of the spike protein creates trimers which are present on the viral
membrane. Each spike monomer is composed of two subunits: an extracellular S1

subunit (which binds ACE2) and a transmembrane S2 subunit with a cytosolic tail.
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The S-acylation of viral proteins is known to be involved in virus assembly, membrane
fusion, and infection (Wu et al., 2021). The spike protein has 10 cysteine residues
within the first 20 amino acids of the cytosolic C-terminal tail, making it one of the most
cysteine-rich proteins encoded by animal viruses (Mesquita et al., 2021, Sanders et
al., 2021), and acyl-biotin exchange (ABE) assays in HEK-293T cells using Flag-
tagged spike protein have shown that the viral protein is S-acylated at its cytosolic C-
terminal end (Wu et al., 2021). Wu and colleagues further showed that the spike
protein interacts with and is S-acylated by the zDHHC5-GOLGA7 complex.
Furthermore, the same study revealed that altering spike S-acylation suppressed
spike-mediated membrane fusion and the entry of SARS-CoV-2 pseudovirus into host
cells. This was achieved using luciferase-expressing lentiviruses pseudotyped with
either WT spike protein or a C-terminal truncated mutant lacking key cysteine
residues. The entry of these pseudoviruses into ACE2-expressing HEK-293T was

inferred via luciferase activity (Wu et al., 2021).

Other studies have also concluded that the cytoplasmic tail of SARS-CoV-2 spike
protein is the determining factor for spike membrane trafficking, localisation, and
enhancement of fusion events (Li et al., 2022b). The role of the C-terminus and S-
acylation of spike in SARS-CoV-2 infection is likely to be a conserved feature of
coronaviruses, as work on the precursor virus SARS-CoV also showed that S-
acylation of its C-terminal domain was important for virus-induced cell-to-cell fusion
(Petit et al., 2007). This 2007 study made use of African green monkey kidney (Vero)
cell monolayers transfected with ACE2 receptor and flag-tagged spike protein,
followed by immunohistochemical detection under live cell conditions to show the
importance of S-acylation (Petit et al., 2007). Alignment of spike sequences from other
human (SARS, MERS, OC43, 5HKU1, NL63 & 229E), and animal (BCoV, MHV-JHM,
MHV2, 1BV, TGEV, FIPV, RATG13) coronaviruses confirm the presence of a

conserved C-terminal cytosolic cysteine-rich region.

In addition to zDHHC5-GOLGA7, other zDHHC enzymes have been reported to S-
acylate spike including zDHHC2, 3, 4, 5, 8, 9, 11, 14, 16, 19, and 20, which were
identified through ABE assays (Li et al., 2022a). In addition, an earlier study using
click-chemistry based S-acylation assays identified zDHHC2, 3, 6, 11, 12, 20, 21, and
24, as being active against spike protein (Puthenveetil et al., 2021). A further study
from 2022 identified zDHHC9 as an interactor and S-acylating enzyme of spike protein
(Ramadan et al., 2022).
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Added to this, a study from the lab of Gisou van der Goot, implicated zDHHC 8, 9 and
20 in S-acylation of the spike protein and subsequent enhancement of virus infectivity.
These enzymes were identified by analysing the incorporation of 3H-palmitate on
ectopically expressed spike proteins, in HeLa cells which were depleted of each
zDHHC enzyme using siRNA. Unlike other studies discussed above, further analysis
by Mesquita et al., suggested that the main S-acylation enzyme for the spike protein
is zZDHHC?20, but that this is followed by further modification by zDHHC9 (Mesquita et
al., 2021). Specifically, it was proposed that zDHHC20 is responsible for spike S-
acylation at the ER, and that zDHHC9 subsequently S-acylates spike upon
translocation to Golgi compartments. Interestingly, z-DHHC20 (and zDHHC2, 8, & 15)
was previously reported to S-acylate hemagglutinin A of influenza virus (Gadalla et
al., 2020). Mesquita and colleagues (2022) were able to show using a metabolic *H-
palmitate pulse-and-chase approach that spike deacylation is mediated by APTs in
spike transfected Hela cells. However, similar experiments in Vero E6 cells (which
are used as host cells for growing viruses), displayed no significant loss of palmitate
from spike protein, inferring that spike deacylation might be absent or ineffective
during SARS-CoV-2 Infection (Mesquita et al., 2021). Under these conditions, the
deacylation of other cellular proteins was still detected, suggesting that at least some
APTs are still active. It was suggested that the spike protein may be rapidly
segregated from APTs during early Golgi virion formation and infection (which would
not occur during simple HelLa cell transfection experiments) (Mesquita et al., 2021).
As S-acylation of the spike protein is a critical feature for infectivity of SARS-CoV-2,
this segregation from APTs may be critical for subsequent infection activity (Bader et
al., 2022, Santopolo et al., 2021).

The same study by Mesquita and colleagues (2022) also investigated SARS-CoV-2
membrane lipid organisation using coarse-grained molecular dynamics simulations,
and membranes comprised of: 50% dipalmitoylphosphatidylcholine, 30%
dilinoleylphosphatidylcholine, and 20% cholesterol. This analysis suggested that S-
acylation of the C-terminal end of the spike protein leads to the collapse of the
cytoplasmic tails (in subunit 2), which then encourages acyl chains to position close
to the spike protein transmembrane domain (in subunit 1), leading to a 9-fold increase
in local acyl chain concentration and the formation of cholesterol/sphingolipid-rich raft-
like domains (Mesquita et al., 2021, Vilmen et al., 2021). Indeed, spike protein was
also detected in detergent-resistant membranes (DRMs) which have been used

previously to suggest the association of proteins with cholesterol-rich lipid raft
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domains. zDHHC20 siRNA (but not zDHHC9) knockouts led to reduced association
of spike proteins to these DRM structures (Mesquita et al., 2021). Taken together, the
studies into SARS-CoV-2 suggest that S-acylation of spike is involved in virus
assembly, membrane fusion, and infection. Highlighting the S-acylation machinery as

potential targets for the development of therapeutic drug treatments.

1.9 Specificity of zZDHHC substrate interactions

Understanding how zDHHC enzymes recognise and interact with their substrates is
an important step in the development of specific inhibitors or therapeutics. However,
research into zDHHC-substrate specificity has proven to be a complex and nuanced
area of investigation. Many zDHHC enzymes exhibit a varying degree of specificity
for their substrates. For example, zDHHC3 and zDHHC7 have been reported to be
high activity/low specificity enzymes, whereas zDHHC13 and zDHHC17 have been
suggested to act as low activity/high specificity enzymes (Lemonidis et al., 2014).
zDHHC enzymes with high S-acylation activity are thought to achieve this promiscuity
by being able to transfer their acyl chains rapidly to any accessible and reactive

cysteine in close proximity (Lemonidis et al., 2017b).

The mechanisms that define higher specificity interactions between zDHHC enzymes
and specific substrates is currently not well-defined (Malgapo and Linder, 2021). In
most reported cases these interactions are mediated by the presence/recognition of
amino acid motifs or conserved regions present in the enzyme and substrate. For
instance, aside from the DHHC domain, three additional short regions of homology
between zDHHC enzymes which contain motifs/highly conserved residues have been
reported. These are the DPG (Asp-Pro-Gly) motif (Mitchell et al., 2006), the TTxE
(Thr-Thr-x-Glu) motif (Mitchell et al., 2006), and the PaCCT (palmitoyltransferase
conserved C-terminal) motif (Gonzalez Montoro et al., 2009). In all zDHHC enzymes,
these three motifs are predicted to be cytosolic facing, with the DPG motif preceding
the DHHC domain, and the TTxE and PaCCT motifs positioned within the C-terminal
cytoplasmic end of the enzymes (Malgapo and Linder, 2021). Although these motifs
have been suggested to structurally stabilise zDHHC enzymes, there is little currently

known about their exact function (Malgapo and Linder, 2021).

In addition to these conserved domains, several zDHHC enzymes have also been

reported to contain other domains that might contribute to substrate interactions.
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zDHHC3, 5, 7, 8, 14, 16, 17, 20, and 21, have been shown to contain PSD-95/discs
large/Z0O-1 (PDZ) domains. These domains are common small structural folds of 80—
90 aa consisting of 5-6 B-strands and 2-3 a-helicies (Malgapo and Linder, 2021, Elliot
Murphy and Banerjee, 2022, Lee and Zheng, 2010). These PDZ domains are one of
the largest classes of protein-protein interaction (PPl) domains in the human
proteome, and since their discovery in the early 1990s, over 268 PDZ domains have
been identified in 151 distinct human proteins (Christensen et al., 2019). PDZ binding
domains are classified into three types based on the C-terminal motifs that they bind
too: type | — S/T-X-W-COOH, type Il — W-X-Y-COOH, and type Ill — D/E-X-WY-COOH,
(where X'is any amino acid and W is any hydrophobic residue (Kalyoncu et al., 2010).
zDHHC14 (SSV-COOH) contains a type | PDZ binding motif, whereas all other
zDHHCs that contain PDZ binding motifs, they are type I, such as in zDHHCS (ISV-
COOH) and zDHHCS8 (ISV-COOH). It should be noted that not all PDZ domains
adhere strictly to these rules, and also that several PDZ proteins contain more than
one PDZ domain such as glutamate receptor-interacting protein (GRIP) which has

seven PDZ domains (Lee and Zheng, 2010, Kalyoncu et al., 2010).

PDZ domains are often found in signalling proteins (i.e., PSD93 and PSD95) and
typically recognise PDZ binding domains present in the extreme C-termini of target
proteins (i.e., in zDHHC enzymes). PDZ domains often facilitate the anchoring of
receptor proteins in the membrane to cytoskeletal components, helping to stabilise
and organise signalling complexes at cellular membranes (Christensen et al., 2019,
Lee and Zheng, 2010). Of the zDHHC enzymes which contain a PDZ domain at the
C-terminal end, zDHHC5, 8, and 14, have been the most well studied. In 2012, it was
shown that the C-terminal ends of zDHHC5 and zDHHCS8 bind to (via yeast two-hybrid
screen) and S-acylate (via acyl-biotinyl exchange (ABE) assay) GRIP1b via PDZ
domain/motif binding (Thomas et al.,, 2012). Both zDHHCS5 and zDHHCS8 are
important for neuronal regulation (Thomas et al., 2012, Collura et al., 2020), and their
S-acylation of GRIP1b was shown to target this substrate protein to dendritic
endosomes, allowing GRIP1b to link these endosomes to microtubule motors. The
zDHHC/S-acylation-mediated localisation of GRIP1b places the protein in a
favourable position to mediate activity-dependent AMPA receptor trafficking and
recycling (Thomas et al., 2012). AMPA receptors are ionotropic glutamate receptors
that play a major role in excitatory neurotransmission, and defects in AMPA receptors
can lead to excitotoxicity, impaired neurotransmission, and neuronal/axonal

degradation (Moretto and Passafaro, 2018, Zanetti et al., 2021). Given this role of
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zDHHC5 and zDHHCS, it is perhaps not surprising that both enzymes are highly
expressed in neurons and are associated to neuropsychiatric conditions with a
pathology of errant neuroexcitatory activity such as bipolar disorder, schizophrenia,
and epilepsy (Shimell et al., 2021, Mukai et al., 2004, Yang et al., 2018, Thomas et
al., 2012).

zDHHC14 interacts with and S-acylates PSD93 (also known as DLG2), which is a
membrane-associated guanylate kinase that also contains a type | PDZ domain
(through which it interacts with zDHHC14) (Sanders et al., 2020). PSD93 is a key
postsynaptic multimeric scaffold protein that forms complexes with and promotes the
clustering of receptors, ion channels, and associated synaptic signalling proteins.
Thereby generating postsynaptic signalling networks and controlling synaptic
transmission (Guo et al., 2012). The 2020 study by Sanders et al., explored the role
of zZDHHC14 in the clustering of PSD93 and also the associated type-| voltage-gated
potassium (Kv1) channels at the axon initial segment. They showed that the loss of
zDHHC14 or the impairment of PSD93 S-acylation disrupted the targeting of Kv1 to
axon initial segments. This effect on Kv1 targeting is predicted to adversely affect
voltage-gated channel activity and/or impair action potential repolarisation, which may
present phenotypically as a number of neurological conditions with their basis in
neuronal hyperexcitability (i.e., epilepsy) (Sanders et al., 2020). For example, the
impairment of KV1 channels has been shown to lead to motor disorders such as
episodic ataxia type 1, which is a neurological disorder involving myokymia and

episodic ataxia (Browne et al., 1994, Imbrici et al., 2006)

Alternative mechanisms of zDHHC-substrate specificity have also been described.
For example, although zDHHC5 interacts with GRIP1b through PDZ domains, this
enzyme has been shown to also have an alternative mode of recognition for the
substrate cardiac Na-K ATPase (Na-pump) accessory sub-unit, Phospholemman
(PLM). PLM (also known as FXYD1) is one of seven small membrane proteins within
the FXYD family of ion transport regulators, which all share a highly conserved N-
terminal domain beginning with an FXYD amino acid motif (Jin et al., 2021). PLM (and
other FXYD proteins) has been shown to colocalise/interact with and regulate Na-
pumps in cardiac myocytes (Cheung et al., 2010). The dysregulation of Na-pump
proteins has been linked to a wide variety of disorders including hypomagnesemia,
seizures, oncogenesis, and various cardiopathies (Biondo et al., 2021, Gagnon and

Delpire, 2020). Na-pumps have been shown to be regulated by a balance of PLM
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phosphorylation which activates the Na-Pump and PLM S-acylation which inhibits the
Na-pump (Howie et al., 2018, Plain et al., 2020). Using truncation mutant analysis of
zDHHCS5 it was shown that the intracellular C-terminal region of zDHHC5 (between
N218 and T334) was required for the interaction with PLM (PLM binding site was
between S37 and R72) (Howie et al., 2014). As previously mentioned, the C-terminal
end zDHHC5 contains two conserved C-terminal motifs (TTXE and PaCCT) and a
PDZ binding domain, however these were not implicated as being responsible for
PLM interaction. Instead, an amphipathic helix of zDHHC5 was identified that binds
to the Na-Pump a-subunit, and not to PLM directly (Plain et al., 2020). A model was
thereby proposed in which zDHHC5 is able to S-acylate PLM via an indirect
recruitment of the substrate through binding to the Na-pump a subunit. Thus a
complex formed between the C-terminal region of zDHHC5 and the Na-pump, would
place PLM in a favourable position to access the catalytic DHHC domain, where it can
then be S-acylated (Plain et al., 2020, Malgapo and Linder, 2021).

In addition to the aforementioned examples of zDHHC-substrate specificities,
zDHHC17 and zDHHC13 are two other zDHHC enzymes that operate as high-
specificity enzymes (Chamberlain and Shipston, 2015). As previously mentioned,
zDHHC13 and zDHHC17 are distinct among the zDHHC family as they contain an N-
terminal ankyrin (Ank) repeat domain. This Ank domain has been shown to be
important for the substrate recognition of HTT (Singaraja et al., 2002), SNAP25b, and
CSPa (Lemonidis et al., 2014). However, although zDHHC13 is an interactor it should
be noted that zDHHC13 was not found to be catalytically active towards these
substrates, likely due to the presence of a non-conforming DQHC motif, instead of the
typical DHHC motif (Lemonidis et al., 2014). Further analyses of the interaction of
these substrates with zDHHC17 identified a hexapeptide consensus motif
(VIAP)(VIT)XXQP that interacts with ANK17 (Lemonidis et al., 2015a). The sequences
of the hexapeptide motif in the substrates discussed above are: HTT (IITEQP),
SNAP25b (VVASQP), and CSPa (PIVIQP). This consensus sequence was termed as
the “zDHHC ankyrin-repeat binding motif’ (zDABM) and it is required to be present in
a cytosolic unstructured region of the protein to allow binding to ANK17 (Lemonidis et
al., 2015a).

The identification of the zDABM was furthered in 2017 by the Banerjee group who
were able to generate a high-resolution crystal structure of ANK17 in complex with a
SNAP25b peptide fragment containing the zDABM (aa 111-GVVASQPARV-120;
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zDABM is underlined) (Verardi et al., 2017). This study further showed that residues
N100 and W130 within ANK17 were critical for zZDABM binding. This interaction was
proposed to be established via the aromatic ring of W130 forming key contacts with
the critical proline residue, P117 within the zZDABM of SNAP25b. Together with N100
in ANK17 forming hydrogen bonds with V113 in the zDABM of SNAP25b (Verardi et
al., 2017). Additionally, E89 and D122 in ANK17 establishes hydrogen bonds with
Q116 in the SNAP25b peptide, and Y67 of ANK17 interacts with V112 in SNAP25b

via van der Waals interactions (Verardi et al., 2017).

Building on the specificity of this new recognition site, subsequent research by
Lemonidis and colleagues predicted and validated zDABM sequences from 90
different proteins that could bind to zZDHHC17/13 (Lemonidis et al., 2017a). They were
able to achieve this by using peptide-array screening to examine the binding of the
AR of zDHHC17 to potential zDABMSs present in different proteins. From the proteins
identified to contain a zDABM, the entire family of Sprouty proteins (Spry1-4) and two
of the three Sprouty-related SPRED proteins (SPRED1/2) were identified (SPRED3
does not contain a zDABM) (Figure 1.5). Although there were many potential
substrates of zDHHC17/13 identified in this screen, Spry/SPRED proteins were
considered worthy of further investigation as a “bioplex” interactome study identified
that endogenous Spry2 and zDHHC17 form a complex in cells (Huttlin et al., 2015).
The proteins are of additional interest due to the presence of a highly conserved C-
terminal cysteine rich Sprouty (SPR) domain (which for Spry2 contains 26 cysteines).
Furthermore, Spry/SPRED proteins have been linked to various cancers and have
tumour suppressor activity (Masoumi-Moghaddam et al., 2014b). In general, there is
little known about the S-acylation of such cysteine-rich proteins, however Spry2 has
now been shown to interact with and be S-acylated by zDHHC17 (Masoumi-
Moghaddam et al., 2014b, Locatelli et al., 2020).
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Spryl
Spry2
Spry3
Spry4
SPRED1
SPRED2
SPRED3

zDABM

WBRXXQP
RSPPTRPVPGHRSERAIRTQPKQ-LIVD---DLKGS
SSFSSGPVA----DGIIRVQPKSELKPG---ELKPL
SITPS----- PSGQSIIRTQPGAGVHPKADGALKGE
HMAPP-PVADQASPRAVRIQPKVVHCQ--PLDLKGP
TKLSSP-———~ KDSVVEKTQPSSLKIKKS-KRRKED

SDFGLGEDPKGRGGSVIKTQPSR---GKS—-RRRKED
APLTEAAPPAPPARPPPGPGPSS---APA-KASPEA

169
166
132
146
329
303
291

W = Val, lle, Ala, or Pro; B = Val, lle, or Thr; XX = any two residues; Q = Gln and P = Pro

Figure 1.5. Alignment of zDABM within Spry & SPRED proteins. Protein sequence
alignment of hSpry1, hSpry2, hSpry3, hSpry4, hSPRED1, hSPRED2, and hSPREDS3.
Generated using the align tool from UniProt (Consortium, 2022). The zDHHC ankyrin-

repeat binding motif (zDABM) regions of the proteins are highlighted in light green,
with the critical QP dipeptide emboldened and highlighted in dark green. SPRED3
does not contain a zDABM, but an aligned proline is still highlighted for visual
reference. zDABM = WBXXQP, where W = Val, lle, Ala, or Pro; 8 = Val, lle, or Thr; XX

= any two residues; Q = GIn, and P = Pro).
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1.10 The Sprouty/SPRED family of proteins

Sprouty proteins were originally discovered as antagonists of the Drosophila
branchless (Bnl)/fibroblast growth factor (FGF) signalling pathway which promotes
Drosophila tracheal branching pattern formation (Sutherland et al., 1996, Hacohen et
al., 1998). In the absence of Sprouty to inhibit this pathway, the seminal 1998 study
reported an excessive occurrence of tracheal secondary ectopic branches ‘sprouting’
from primary apical stalks: hence the designated protein name (Hacohen et al., 1998).
At that time, Hacohen and colleagues (1998) were also able to identify through an
expressed sequence tag database (dbEST) three human homologues of Drosophila
Sprouty protein: h-Sprouty1 (Spry1), h-Sprouty2 (Spry2), and h-Sprouty (Spry3). A
fourth homologue, h-Sprouty4 (Spry4) was identified in subsequent studies, first in
mice (de Maximy et al., 1999) and then in human (Leeksma et al., 2002). This protein
family was further expanded through the discovery of Sprouty-related, EVH1 domain
containing proteins (SPREDSs) for which there are three homologues: h-SPRED1 and
h-SPRED2 were isolated from an osteoclast complementary DNA library using a yeast
two-hybrid system (Wakioka et al., 2001), and h-SPRED3 was cloned by the same

authors two years later (Kato et al., 2003).

SPR domain

Sprouty proteins are between 288-319 aa in length, whereas SPRED proteins are
between 410-444 aa long. The defining feature of all Spry/SPRED proteins is the
highly conserved Sprouty (SPR) domain, which can also be described as a unique
cysteine-rich domain (CRD) (figure 1.6), which in Spry2 is 114 aa in length and
contains 26 cysteine residues. The SPR region is predicted to be made up of parallel
alpha helices which flank a central disordered region (figure 1.7) and it has been
shown to be important for the hetero/homodimerisation of Spry/SPRED proteins (King
et al., 2005) and also for localisation. These proteins are most commonly associated
to the plasma membrane, often translocating to lipid raft domains and caveolae
(Lorenzo and McCormick, 2020). S-acylation of Spry2 has been shown to be
important to anchor the proteins to the membrane (Impagnatiello et al., 2001, Locatelli
et al., 2020, Lorenzo and McCormick, 2020). S-acylation of SPRED1 is also thought
to be important for the localisation of this protein as removal of the SPR domain led

to mis-localisation. Interestingly, addition of a CaaX motif from KRAS4B (CIIM -
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farnesylated) onto the SPRED1 mutant lacking the SPR domain was not only able to
recover plasma membrane association but also restored the ability of SPRED1 to
reduce EGF-induced Ras activation and inhibit ERK activation, thus highlighting the

primary role of S-acylation as a membrane anchor for SPRED1 (Stowe et al., 2012).
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N [ [ SPR (CRD) ] ]-c nspryawr
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Figure 1.6. Schematic diagram of the domain structure of Spry and SPRED
protein. (A) Schematic representation of hSpry1 (319 aa), hSpry2 (315 aa), hSpry3
(288 aa), hSpry4 (299 aa), hSPRED1 (444 aa), hSPRED2 (418 aa), and hSPRED3
(410 aa) (light green). Schematic representations are aligned at their C-terminal end.
EVH1; Ena/VASP (enabled/vasodilator-stimulated phosphoprotein) homology 1
domain - also known as, WH1; WASP (Wiskott-Aldrich syndrome protein) homology
1 domain (dark green). zDABM; zDHHC ankyrin binding motif — (VIAP)(VIT)XXQP
(orange). KBD; c-Kit kinase binding domain (light blue). SPR; Sprouty domain - also
designated as, CRD; cysteine-rich domain (yellow).
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Sprouty proteins

Sprouty proteins (Spry) are key negative regulators of the MAPK/ERK signalling
pathway (Masoumi-Moghaddam et al., 2014b), and have been implicated in a variety
of embryonic, developmental, and physiological processes including the development
of the lungs (Hashimoto et al., 2012), eyes (Shin et al., 2015), limbs (Wang and Beck,
2014), and brain/nervous system (Hausott and Klimaschewski, 2019). There is also a
large body of evidence that describes the errant expression of Sprouty proteins within
cancer (Kawazoe and Taniguchi, 2019), where they have been implicated in many
different cancer types including: lung cancer (non-small-cell lung adenocarcinoma)
(Tennis et al., 2010), prostate cancer (Patel et al., 2013a), breast cancer (He et al.,

2016), and liver cancer (hepatocellular carcinoma) (Sirivatanauksorn et al., 2012).

The prevalence of changes in Spry proteins in cancer often makes them important
prognostic biomarkers of disease. For instance, epithelial ovarian cancer (EOC) is
one of the most common causes of female gynaecological cancer mortality, with most
patients unable to be diagnosed until late presentation of advanced disease and
widespread abdominal metastasis (Arora et al., 2023). A review from 2023 of US
populations, estimated that in 2020 there were ~ 21,750 new ovarian cancer cases,
with the estimated number of deaths at 13,940. These figures comprised 1.2% of all
cancer cases and there was also a 5-year relative survival rate of only 48.6% (Arora
et al., 2023). A study from 2015 showed that Spry1 is significantly downregulated in
EOC tissues (Masoumi-Moghaddam et al., 2015b). This observation added to
previous research from the same group which had shown that Spry1 was able to
inhibit ERK activation and that there was an inverse correlation between Spry1
expression and EOC cell proliferation, migration, invasion, and survival (Masoumi-
Moghaddam et al., 2014a). Together this data provides evidence to support Spry1
(and Spry proteins in general) as independent biomarkers of EOC prognosis or

therapeutic assessment.

Although commonly associated with cancer, as previously mentioned, Spry proteins
also have a key role in organogenesis and development. For example, one study
which utilised Spry1~~; Spry2™~ double KO mice implicated these proteins in the
normal development of mouse external genitalia (Ching et al., 2014). A previous study
using transgenic Spry2 mice also provided evidence for the role of Spry2 in the
indirect regulation of male sex organogenesis (Chi et al., 2006). Interestingly, both

studies suggested that there was abnormal FGF regulation by the Spry proteins,
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leading to uncharacteristic organogenesis. As a further example, analysis of genomic
DNA from the peripheral-blood samples of congenital hypogonadotropic
hypogonadism (CHH) patients identified the Spry4 gene (but not Spry2) as being
mutated in CHH individuals (Miraoui et al., 2013). CHH is characterised by absent or
incomplete sexual maturation by the age of 18 years due to gonadotropin-releasing
hormone (GnRH) deficiency and/or resistance (with no other abnormalities of the
hypothalamic-pituitary axis) (Young et al., 2019). In the 2013 study, a range of Spry4
mutations were identified in individuals: S214Y, V161, T100M, D105N, K177R, S241T,
V281M, V3041, and interestingly C209Y (Miraoui et al., 2013). C209 is within the SPR
domain of Spry4 and a mutation at this residue could in theory affect S-acylation,
although this would need to be investigated experimentally. In fact, each of the
described Spry4 variants have different phenotypic outcomes, all of which present
with partial or absent puberty but there is variation between those presenting
with/without hearing loss, dental abnormalities, low bone mass. The C209Y
individuals present with none of these additional features, whereas S241 individuals

present with dental abnormalities and low bone mass (Miraoui et al., 2013).

SPRED proteins

SPRED proteins, like Spry proteins, are also involved in suppressing/regulating
growth factor mediated ERK activation and the development of cancer. This role of
SPRED proteins is thought to be achieved through interaction with RAS and
neurofibromin (NF1) to suppress the phosphorylation and activation of Raf (also
having a role in the modulation of the small GTPases Rap1 and Rho) (Kawazoe and
Taniguchi, 2019). SPRED proteins have been implicated in a variety of cancers
including leukaemia (Pasmant et al., 2015), osteosarcoma (Miyoshi et al., 2004),
prostate cancer (Kachroo et al., 2013), melanoma (Ablain et al., 2018),
carcinoma/adenocarcinoma (Sharma et al., 2016), and more. A study from 2020,
utilised The Genotype Tissue Expression (GTEX) Project to show mRNA expression
profiling for SPRED proteins (Lorenzo and McCormick, 2020). The study found that
although SPRED1/2 were widely expressed across human tissues, SPRED3
expression was limited to the brain, breast, and pituitary gland. Structurally, SPRED
proteins also contain a C-terminal SPR domain (similar to Spry proteins), however,
these SPREDs are also made up of an N-terminal EVH1 (Enabled/VASP homology-
1) domain, and a central c-Kit-binding domain (KBD) (Lorenzo and McCormick, 2020).
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The EVH1 domain primarily functions as an interaction unit that links signalling
proteins via binding to proline-rich sequences, with many EVH1 containing proteins
also being involved in actin binding and polymerisation (Peterson and Volkman,
2009). However, the most well-described interactor of the SPRED EVH1 domain is
NF1, which does not contain a proline motif (Peterson and Volkman, 2009). NF1 is a
tumour suppressor protein acting as a GTPase-activating protein that negatively
regulates the MAPK pathway activity by promoting Ras GTP hydrolysis. Mutations in
SPRED1 have been linked to a complex multisystem disorder known as
neurofibromatosis 1 (also known as von Recklinghausen syndrome), with many
clinical characteristics including: multiple café-au-lait macules, neurofibromas, optic
gliomas, chronic pain, learning disabilities, anxiety, attention deficit, and psychological
disorders (Spurlock et al., 2009, Lehtonen et al., 2013, Peltonen et al., 2017, Radtke
et al., 2023).

The KBD of SPRED proteins is ~50 aa in length and has been implicated in the
binding of the proto-oncogene receptor tyrosine kinase, c-Kit. First described in 1987,
c-Kit is found on hematopoietic stem cells and typically respond to stem cell factor
(Yarden et al., 1987, Sheikh et al., 2022). In mice, SPRED2 was found to negatively
regulate c-Kit, and to inhibit MAPK and thereby regulate haematopoiesis in the aorta-
gonad-mesonephros (Gong et al., 2020, Lorenzo and McCormick, 2020). For other
cancer types, such as malignant melanoma, in ~80% of tumours the driver oncogenes
are mutant BRAF, RAS and KIT (Pipek et al., 2023). Interestingly, 37% of mucosal
melanomas examined in a 2018 study also showed a loss of SPRED1. Among those
cases of SPRED1 loss, 30% also exhibited c-KIT alterations (Ablain et al., 2018). It
should also be noted that most cases of melanoma which also showed a loss of
SPRED1 in the 2018 study were triple wild-type melanomas (i.e., those where BRAF,
NRAS and NF1 are not mutant). BRAF, NRAS, and NF1 all play a role in the regulation
of the MAPK signalling pathway, and mutation of these proteins is the highest
oncogenic factor within melanoma tumours (Pipek et al., 2023, Gupta et al., 2020).
Altogether this wider association points to SPRED inactivation and/or disrupted
SPRED1/2-c-KIT interactions in the promotion of MAPK signalling and oncogenesis
(Ablain et al., 2018).

The SPRED-3 protein (UniProtkKB - Q2MJR0, SPRE3_HUMAN) is comprised of 410
aa residues with a molecular weight of 42.670 kDa. Similar to all other members of
the Spry/SPRED family SPRED3 contains a SPR domain (aa 296 — 407). SPRED3

42



also contains an N-terminal EVH1/WH1 domain (1-113) and an unfunctional KBD
region (aa 195 — 244) (Kato et al., 2003). Other notable regions include two polar
regions at aa 117 — 158 & 172-193, as well as a proline rich region at aa 260-283
(Figure 1.6 & 1.7). Similar to Spry/SPRED proteins, SPRED3 is thought to be a
peripheral plasma membrane associated protein (Butland et al., 2014, Kato et al.,
2003, Lorenzo and McCormick, 2020). Less is currently known about SPRED3
(compared to other Spry/SPREDs), and overall SPRED3 is an outlier in terms of
interactions and efficacy. For instance, SPRED3 shares a low homology in the KBD
(< 20% with SPRED1), and also contains a Gly-240 residue in place of a critical Ala-
247 residue that is required for c-Kit binding and indeed SPRED3 is unable to bind to
or be phosphorylated by c-Kit (Lorenzo and McCormick, 2020). Added to this,
although SPRED3 can also inhibit ERK, its inhibitory effect is less than that of
SPRED1 and SPRED2; a suspected consequence of SPRED3 lacking a KBD
(Lorenzo and McCormick, 2020). Furthermore, unlike the other Spry/SPRED proteins
which were identified to contain a consensus zDABM sequence related to zDHHC17
binding, SPRED3 does not contain a zDABM (Lemonidis et al., 2017). Despite this,
in the year previous to the identification of the zDABM, SPRED3 (and SPRED2) was
actually shown to interact with and be S-acylated by zDHHC17 (Butland et al., 2014).
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Figure 1.7. AlphaFold structural prediction of Spry and SPRED structure.
(A) AlphaFold structural prediction model of Spry2 (Homo sapiens; UniProt: 043597
- SPY2_HUMAN). Schematic indicating the approximate spatial location of the SPR
domain, the zDABM, and the N/C terminal ends. (B) AlphaFold structural prediction
model of SPRED3 (Homo sapiens; UniProt: Q2MJRO - SPRE3_HUMAN). Schematic
indicating the approximate spatial location of the SPR domain, the EVH1 (WH1)
domain, and the N/C terminal ends. AlphaFold produces a per-residue confidence
score (pLDDT) between 0-100. Some regions < 50 pLDDT may be unstructured in
isolation. AlphaFold protein structure database developed by DeepMind and
European Molecular Biology Laboratory-European Bioinformatics Institute (EMBL-
EBI) (Varadi et al., 2022, Jumper et al., 2021).
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1.11 The Sprouty-2 protein

The Sprouty-2 protein (Spry2) (UniProtKB - 043597, SPY2_HUMAN) is comprised of
315 aa residues with a molecular weight of 34.68835 kDa. Like all other members of
the Spry family, Spry2 contains a SPR domain (aa 177-291) which also encompasses
the CRD domain (aa 178-301) (figure 1.6 and 1.7). There are also other notable
regions including a phosphorylated tyrosine (Y55), a poly-serine region (aa 125-131)
and a cryptic proline region (aa 304-309). Unfortunately, only a short region of the
Spry2 structure (aa 36-61) has so far been resolved through x-ray crystallography,
which comes from a structure of the c-CBL tyrosine kinase binding domain (TKBD)
with a phosphorylated Y55 Spry2 peptide. However, through advancements in the
AlphaFold Al based protein structural prediction database, full-length structure for
Spry/SPRED proteins have been predicted (figure 1.7). Spry2 is a soluble cytosolic
protein that has been reported to localise to different intracellular structures such as
the plasma membrane (Locatelli et al., 2020), caveolae (Impagnatiello et al., 2001),

as well as microtubules and membrane ruffles (Lim et al., 2002, Lim et al., 2000).

Interactions of Sprouty-2 protein

The nuanced nature of Spry2 regulation is reflected in the numerous interactions that
it has been reported to engage in (Figure 1.8). Like other Spry/SPRED proteins, Spry2
has been identified as a negative regulator of multiple growth factor pathways
including fibroblast growth factor (FGF), epidermal growth factor (EGF), and nerve
growth factor (NGF). However, it should be mentioned that there is also evidence for
Spry2 as a positive regulator of EGF signalling in mammalian cells (Wong et al.,
2002). Spry2 can indirectly promote RTK signalling by sequestering the casitas B-
linage lymphoma protein (CBL). CBL is an E3-ubiquitin-protein ligase capable of
ubiquitinating receptor tyrosine kinases (RTK), resulting in their degradation and
reduced growth factor signalling. Spry2 interacts with CBL through a phosphorylated
tyrosine (Y55), leading to the degradation of Spry2 and attenuation of RTK
ubiquitination/degradation (Wong et al., 2002). Other proteins such as protein
phosphatase 2A (PP2A) have been suggested to compete with CBL for binding to
Y55 in Spry2. This competitive binding would inhibit Spry2-CBL binding, promoting
Spry2 stability but in turn increasing CBL-mediated EGFR ubiquitination (Masoumi-
Moghaddam et al., 2014b). The Intersectin 1 (ITSN1) scaffold protein can also disrupt
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the Spry2-CBL interaction and thereby promote EGFR degradation (Okur et al.,
2012). ITSN1 has also previously been shown to bind other S-acylated proteins such
as SNAP25 (Okamoto et al.,, 1999). ITSN1 binds Spry2 via its SH3 consensus
sequence at the C-terminal end proline-rich region — VPTVP (aa 303-307) (Okur et
al., 2012).

This proline-rich region is also the site at which Spry2 can bind the growth factor
receptor-bound protein 2 (Grb2) (Lao et al., 2007a). Grb2 binds to the phosphorylated
kinase domain of RTKs to facilitate the activation of the Son of Sevenless protein
(SOS) and subsequently RAS activation at the top of the MAPK pathway. The
canonical action of Spry2 to sequester Grb2 prevents SOS binding and in turn
prevents the propagation of MAPK signalling (Degirmenci et al., 2020). This
sequestering action is observed in other Spry proteins too, such as Spry4 which has
been suggested to supress MAPK by binding to Raf1 - downstream of Spry2 action
(Sasaki et al.,, 2013). Multiple/simultaneous binding interactions have also been
reported, such as in the case of a suspected tripartite complex relating to the MET-
hepatocyte growth factor signalling pathway. methyltransferase-like protein 13
(METTL13) was shown to co-immunoprecipitate with the Grb2-associated binding
protein 1 (GAB1) and Spry2. It was suggested that METTL13 can supress deafness
associated with mutations in GAB1; with Spry2 being differentially regulated between
affected people and those in which the GAB1 mutations are non-penetrant (Yousaf et
al., 2018).

Cell stimulation has been shown to result in the phosphorylation of specific sites in
Spry2 (in addition to Y55). This includes the poly-serine region of Spry2 (aa 124-130),
the function of which is not well understood. Evidence published in 2006 showed that
the stability of Spry2 can be extended by the mitogen-activated kinase-interacting
kinase 1 (MnK1) mediated phosphorylation of S112/121 within this serine-rich domain
of Spry2 (DaSilva et al., 2006). This same poly-serine region has also been implicated
in ubiquitin regulation, separate to that of Spry2 Y55. Specifically, the E3 ubiquitin-
protein ligase, neural precursor cell expressed developmentally down-regulated
protein 4 (Nedd4) has been shown to bind to S112/121 and ubiquitinate Spry2 leading
to its degradation (Edwin et al., 2010). In addition to this, recently published work has
given evidence for one mechanism of Spry2 intracellular stabilisation via
phosphorylation of S112 by protein kinase D (PKD) (Martinez et al., 2023).
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Taking all this information into account a sequential mechanism could be proposed
whereby upon FGF stimulation, Src phosphorylates Y55 of Spry2 to allow PP2A
binding. Once bound, PP2A can dephosphorylate S112 to expose the cryptic C-
terminal proline site. This then allows the binding/sequestering of Grb2 to block Ras
activation. This process is then modulated in a delicate balance through re-
phosphorylation to prevent conformational change by MnK1, or through Spry2
degradation by CBL and Nedd4 at the phosphorylation sites Y55 and S112,
respectively (figure 1.8). Aside from these regulatory interactions, a key regulatory
mechanism of Spry2 action is also likely to be the plasma membrane translocation of
the protein due to the highly conserved SPR/CRD domain (Yigzaw et al., 2001, Lim
et al., 2002).

Growth factor mediated Spry2 translocation

The seminal study that reported the discovery of Spry proteins in 1998, also reported
that Spry proteins can associate with the plasma membrane through co-localisation
with the transmembrane protein, NOTCH (Hacohen et al., 1998), leading to
subsequent interest in how this contributes to functional regulation of Spry2 and
growth factor signalling (Yigzaw et al., 2001, Edwin et al., 2009). However, the precise

mechanism of translocation/trafficking of Spry2 is unclear.

Spry2 is a cytosolic protein which has been shown using immunofluorescence
analysis to translocate to the plasma membrane on growth factor stimulation (Lim et
al., 2000). The researchers were able to show in both COS-1 monkey kidney cells
and HEK-293T cells that following EGF stimulation, Spry2 translocated to membrane
ruffles. The team was also able to identify the minimal region of Spry2 required for
plasma membrane translocation as aa 178-282 (Lim et al., 2000). This minimal region
is within the SPR domain (177-291) and the CRD (178-301). It is worth noting that in
this same study (Lim et al., 2000), the researchers also suggested that in unstimulated
COS-1 cells, Spry2 co-localises with microtubules before translocating to the

membrane ruffles upon EGF stimulation.

Following on from their 2000 study, the Lim group suggested that Spry2 translocated
to the plasma membrane upon growth factor stimulation, targeting the protein to
phosphatidylinositol 4,5-bisphosphate (PIP2) (Lim et al., 2002). Furthermore, they
identified a translocation-defective point mutant of hSpry2 (R252D) and showed by
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immunoblotting of p-ERK in PC12 cells (rat pheochromocytoma), that this R252D
mutant failed to inhibit MAPK phosphorylation. If the mechanism proposed by Lim and
colleagues is indeed correct, S-acylation of Spry2 may function to increase the overall
hydrophobicity of Spry2 to facilitate appropriate translocation. Indeed, this idea is
supported by the findings of Locatelli et al., (2020), which show that the S-acylation-
defective C265A/C268A mutant of Spry2 exhibits reduced association with the plasma

membrane in PC12 cells (Locatelli et al., 2020).

In addition to the reports suggesting a role for PIP2 in targeting Spry2 to the plasma
membrane, other researchers have suggested that both Spry1 and Spry2 associate
with caveolin-1 (cav-1) in perinuclear and vesicular structures and at the plasma
membrane of endothelial cells (Impagnatiello et al., 2001). Impagnatiello and
colleagues also suggested a relationship between S-acylation and cav-1 association
and that Spry proteins associate with lipid rafts or caveolae during translocation.
Again, this is an interesting theory, as evidence given by the experiments in this study
and those by Locatelli, show occurrences of Spry2 localising to the plasma membrane
during confocal imaging of PC12 cells. All of this together in the wider context that
lipid raft/caveolae/plasma membrane targeting is a well-known feature of protein S-
acylation (Sezgin et al., 2017, Salalin et al., 2005b, Chamberlain and Shipston, 2015).
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Figure 1.8. Spry2 structure and interactions. Schematic diagram outlining key
features and domains: Y55, tyrosine 55 (red); S, serine-rich region (blue); SPR,
Sprouty-related domain (pink); CRD, cysteine-rich domain (yellow); P, proline-binding
region (purple). (Dashed line pathway) Receptor tyrosine kinase/growth factor
receptor (RTK/GFR) stimulated phosphorylation (P) of Y55 by of Src kinases allows
protein phosphatase 2A (PP2A) binding. Once bound, PP2A dephosphorylation of
S112 exposes Spry2 proline binding region for the sequestering of Grb2, therefore
preventing Grb2 binding to son of sevenless (SOS) protein and blocking subsequent
signalling. (Solid line pathways) The process is modulated through the re-
phosphorylation of serine residues by mitogen-activated protein kinase interacting
kinase 1 (MnK1). Spry2 is also ubiquitinated (U) for degradation by casitas B-linage
lymphoma protein (CBL) at Y55 and by neural precursor cell expressed
developmentally down-regulated protein 4 (Nedd4) at S112. Intersectin 1 (ITSN1)
interacts with the proline-rich region. Caveolin-1 (Cav-1), phosphatidylinositol 4,5-
bisphosphate (PIP2) and zDHHC enzymes have all shown interactions with for

increased hydrophobicity and plasma membrane association.
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1.12 Growth factor signalling

There is a wide variety of known growth factors, which include epidermal (EGF),
fibroblast, (FGF) and nerve growth factors (NGF); each having its own corresponding
growth factor receptor (GFR). Growth factors cause agonistic or antagonistic action
upon cellular division, differentiation, growth, and proliferation; and are known to be
involved in oncogenic processes, thus making them a key therapeutic target.
(Normanno et al., 2006, Tiash and Chowdhury, 2015, Sasaki et al., 2013). EGF and
NGF were two of the first growth factors to be discovered in 1960 and 1962,
respectively, whereas FGF was discovered in 1978 (Levi-Montalcini and Booker,
1960, Cohen, 1962, Gospodarowicz et al., 1978, Schlessinger, 2014).

RTKs are a major class of cell receptor that respond to several extracellular ligands,
such as growth factors. The discovery and classification of RTKs has been developing
since the 1960s, with a total of 58 RTKs, comprised of twenty overall subfamilies with
similar yet distinct forms (Lemmon and Schlessinger, 2010, Schlessinger, 2014). RTK
signalling begins with extracellular ligand binding to facilitate RTK dimerisation and in
turn auto-phosphorylation of the cytoplasmic protein tyrosine kinase region. This
phosphorylation allows the propagation of signalling cascades including the PI3K-
AKT, JAK/STAT, and MAPK cascade, for which Spry2 is a signalling antagonist (Du
and Lovly, 2018).

The MAPK pathway (mitogen-activated protein kinases pathway; also known as the
MAPK/ERK pathway or the Ras-Raf-MEK-ERK pathway) has been identified in
mammals to have three distinct groups of MAPK modules including ERK, JNK, and
P38 kinase; all of which have further subset modes e.g., ERK1 & ERK2, or JNK1,
JNK2, & JNK3 (Dhillon et al., 2007). MAPK signalling is comprised of a three-teir
system of phosphorylating kinases: a MAPK kinase kinase (MAP3K), a MAPK kinase
(MAP2K), and a MAPK (Kim and Choi, 2010). Upon RTK activation, dimerisation, and
autophosphorylation, the exposed C-terminal end of the receptor facilitates the
binding of GRB2 via Src homology 2 (SH2) domains. The SH3 domains on the N-
terminal region of GRB2 subsequently allows the binding of SOS, which is a guanine
exchange factor for the GTP loading of the membrane bound small-GTPase, Ras.
The activated membrane bound Ras-GTP can either act as a dimer or a nanocluster
to recruit, bind and activate RAF or RAF/MEK heterodimers at the plasma membrane
(the MAPK3 step in the cascade). The activated RAF/MEK proteins can then

assemble as transient tetramers which facilitate RAF activation through back to back
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dimerisation. The MEK proteins can then dock to the RAF dimers to form face-to-face
dimers which are turned on by RAF. The activated MEK (which is the MAP2K) can
then phosphorylate ERK1/2 (which is a MAPK) and propagate and generate further
signalling for cell growth and transcription factors such as c-myc and c-fos (figure 1.9)
(Degirmenci et al., 2020).
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Figure 1.9. General action of Sprouty/SPRED proteins on the MAPK pathway.
Schematic diagram of Spry/SPRED action on the MAPK pathway. Extracellular
activation of growth factor receptors leading to downstream activation of: Src
homology-2 domain-containing protein tyrosine phosphatase-2 (SHP-2); growth
factor receptor-bound protein 2 (GRBZ2); son of sevenless protein (SOS); rat sarcoma
GTPase (RAS); rapidly accelerated fibrosarcoma kinase (RAF); mitogen-activated
protein kinase kinase (MEK); extracellular signal-related kinase (ERK); and

subsequent transcription factors.
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113 Summary

S-acylation is a form of lipidation typically involving the attachment of fatty acid chains
onto cysteine residues of proteins. S-acylation is mediated by a family of zDHHC
acyltransferase enzymes, where dysfunction of either the PTM or enzyme has been
linked to the progression of many diseases. zDHHC17 is unique among zDHHC
isoforms, primarily due to the presence of an N-terminal AR domain which has been
shown to be involved in substrate recruitment/recognition. Spry/SPRED proteins were
recently identified as substrates of zDHHC17 due to the presence of a zDABM.
Spry/SPRED proteins share a highly conserved SPR/CRD domain which has been
shown to both be S-acylated and functionally important. Spry/SPRED proteins are
important regulators of the MAPK growth factor pathway and dysregulation of this
pathway is known to lead to oncogenesis. Recent work identified S-acylation as
important for the stability and plasma membrane targeting of Spry2, however the role
of S-acylation in Spry2 function has not been explored. Furthermore, the recognition
of Spry/SPRED proteins by zDHHC enzymes needs further study to determine if
canonical modes of recognition exist, or if there are other modes of enzyme-substrate

interaction, or indeed if there are differences between Spry and SPRED isoforms.

1.14 Aim and hypothesis

It is still largely unclear how S-acylation affects Spry/SPRED proteins, but the dynamic
changes in Spry/SPRED localisation upon growth factor stimulation (Kawazoe and
Taniguchi, 2019), the presence of an extensive SPR/CRD, and the identification of
zDHHCA17 as a new binding partner/acylating enzyme (Lemonidis et al., 2017), makes
the study of these proteins an exciting direction for further investigation. Spry2
presents itself as the most interesting candidate for investigation as recent work has
shown that S-acylation of Spry2 by zDHHC17 is important for both the localisation
and stability of the protein substrate (Locatelli et al., 2020). More specifically the 2020
study showed that the turnover of Spry2 was reduced when the protein was S-
acylated by zDHHC17 and that Spry2 was unable to effectively localise to the plasma
membrane when S-acylation is impaired. This study was also able to identify that the
S-acylation of Spry2 by zDHHC17 is dependent on two specific cysteine residues
(C265/268) within the SPR and/or three surrounding residues (N211/D214/K223) also
within the SPR domain (Locatelli et al., 2020). Together these findings point to the
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importance of Spry2 S-acylation, especially as this PTM is widely implicated in both

protein stability and cellular localisation (Chamberlain and Shipston, 2015).

Subsequent work from the doctoral thesis of Dr Carolina Locatelli showed that
although Spry2 contains a consensus zDABM, the protein does not show a significant
loss in S-acylation when this region is mutated (Locatelli, 2021). Furthermore,
mutation of the zDABM binding pocket in zDHHC17 (N100A/W130A,; identified by
Verardi et al., (2017)) also had no effect on Spry2 S-acylation by zDHHC17 (Locatelli,
2021). This retention of S-acylation when the zDABM-ANK17 interaction is disrupted
is currently unique to Spry2, whereas SNAP25 is completely dependent on its zZDABM
and residues N100/W130 in zDHHC17 for S-acylation (Greaves et al., 2010b,
Lemonidis et al., 2015b). SPRED3 on the other hand, does not contain a zDABM
motif, but surprisingly is still able to bind and be S-acylated by zDHHC17 (Butland et
al., 2014). Current findings suggest that Spry/SPRED proteins contain an alternative

zDHHC17 interaction site that is coupled to S-acylation (and/or other functions).

Therefore, the overarching hypothesis is that S-acylation is a critical feature that
influences the trafficking, stability, and function of Spry/SPRED proteins in their
regulation of growth factor signalling pathways. It is proposed that Spry/SPRED
proteins contain a novel mechanism of recognition by zDHHC17 that is coupled to S-
acylation and/or function and that is independent of the known zDABM interaction.
Further to this, it is hypothesised that as SPRED3 does not contain a zDABM, that
this protein would rely on an alternative and conserved interaction site for S-acylation
by zDHHC17. The overall aim of this study is to investigate the interactions of
Spry/SPRED proteins with zDHHC17, to further elucidate how these substrates are
recognised and subsequently S-acylated, and to compare this to the known substrate-
enzyme recognition mechanism already established for SNAP25-zDHHC17 involving

zDABM sequences. Specifically, this thesis will:

Progress knowledge of Spry/SPRED protein S-acylation by zDHHC17 and
develop an improved understanding of the mechanism of interaction that is linked

to the efficient S-acylation of these proteins.
Explore the functional relevance of Spry2 and zDHHC17 S-acylation/interaction.

Examine the role of Spry2/SPRED proteins in regulating the stability of the Orf3d
protein from the SARS-CoV-2 virus.
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CHAPTER 2
MATERIALS AND METHODS
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Chapter 2 — Materials and methods

2.1 Cell culture

Human embryonic kidney 293T cells (HEK-293T, ATCC #CRL3216™, England, UK)
were maintained in T75 cm?flasks (Corning®, Sigma-Aldrich Company Ltd., Dorset,
UK) with Dulbecco's Modified Eagle Medium (DMEM) + GlutaMAX™ media (Gibco,
LifeTechnologies™ Ltd., Paisley, UK) supplemented with 10 % foetal bovine serum
(Gibco, LifeTechnologies™ Ltd., Paisley, UK). Cells were maintained in a humidified
atmosphere of 37°C/5% CO-in a Thermo BB15 incubator (Thermo Fisher Scientific,
Leicestershire, UK). For cell passage, after 7-days in culture, HEK-293T cells were
briefly washed with 10 mL of warm phosphate-buffered saline (PBS) and dissociated
from the flask for 3 minutes using 2.5 mL TrypLE express reagent (Gibco,
LifeTechnologies™ Ltd., Paisley, UK). The flask was gently tapped to detach all
adhered cells and 7.5 mL of fresh media was added to inactivate the TrypLE. Cells
were collected into a 15 mL falcon tube and pelleted by centrifugation (Heraeus
Multifuge 3 S-R) at 150 x g for 3 minutes. HEK-293T cells were resuspended in 10
mL of media and seeded into a new T75 cm? flask at a dilution of 1:20 with a final
volume of 10 mL. For experiments, HEK-293T cells (between passage 20-50) were
diluted to 1:50 with DMEM media and 0.5 mL of cell suspension was seeded on poly-

D-lysine coated 24 well plates (Corning®, Sigma-Aldrich Company Ltd., Dorset, UK).

Rat pheochromocytoma cells (PC12, ATCC #CRL-1721™, England, UK) were
maintained in T75 cm? flasks (Corning®, Sigma-Aldrich Company Ltd., Dorset, UK)
with advanced RPMI (Roswell Park Memorial Institute) 1640 reduced-serum medium
(Gibco, LifeTechnologies™ Ltd., Paisley, UK) supplemented with 10% horse serum
(Gibco, LifeTechnologies™ Ltd., Paisley, UK), 5% foetal bovine Serum (Gibco,
LifeTechnologies™ Ltd., Paisley, UK) and 1% L-glutamine (Gibco, LifeTechnologies™
Ltd., Paisley, UK). Cells were maintained at a humidified atmosphere of 37°C/5% CO-
in a Thermo BB15 incubator (Thermo Fisher Scientific, Leicestershire, UK). For cell
passage, PC12 cells were grown in suspension for 7-day intervals, collected into 15
mL falcon tubes and pelleted by centrifugation (Heraeus Multifuge 3 S-R) at 150 x g
for 3 minutes. Pelleted cells were dissociated by incubating for 4 minutes in TrypLE
express reagent (Gibco, LifeTechnologies™ Ltd., Paisley, UK). The dissociation
reaction was inactivated by adding RPMI media at a 2:1 ratio (8 mL), followed by
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centrifugation at 150 x g for 3 minutes. Cells were thoroughly resuspended in 10 mL
RPMI media and seeded in a new T75 cm? flask at a dilution of 1:5 in growth medium
(final volume of 12 mL per flask). For experiments, PC12 cells (between passage 20-
50) were diluted to 1:50 with RPMI media and cells were seeded on poly-D-lysine
coated 24 well plates (1 mL per well: Corning®, Sigma-Aldrich Company Ltd., Dorset,
UK). For immunofluorescence and confocal microscopy experiments, cells were
diluted to 1:100 with RPMI; and 1 mL of cells were seeded on poly-D-lysine coverslips
(Corning® Sigma-Aldrich Company Ltd., Dorset, UK) in non-coated 24 well plates
(Starlab, Blakelands, UK).

For growth factor experiments: 48 hours after seeding, cells were serum starved in
serum-free media for 4-hours, followed by a 10-minute stimulation with either 0.5 ml
serum-containing media 50 ng/mL of either epidermal growth factor (EGF; 321-
EG/CF) or fibroblast growth factor basic (FGF; 3339-FB/CF) — (all growth factors used
were recombinant rat isoforms purchased from R&D Biosystems, MN, USA). After
stimulation, cells were washed in PBS and lysed on ice in 100 uL of 1x sample buffer
containing 25 mM dithiothreitol (DTT; BPS72-5, Fisher, UK), phosphatase inhibitor
cocktail 3 (1:100; P0044-1, Sigma, UK), and protease inhibitor cocktail (1:100; P8340-
5, Sigma, UK). Samples were heated to 95°C for 10 minutes before either further use

or storage at -20°C.

2.2 Plasmids

All zDHHC enzymes (mouse) cloned in pEF-BOS-HA vectors were provided by
Professor Masaki Fukata (Fukata et al., 2004). Two truncated mutant forms of
zDHHC17 WT (aa 11-632), AAnk (aa 287-632), and AC (aa 11-569) mutants were
previously cloned through Gateway® Technology (Invitrogen Ltd., Paisley, UK) by Dr.
Kimon Lemonidis (University of Strathclyde; Lemonidis et al., 2014). zDHHC17
mutant plasmids encoding for W130A (critical for zZDABM interaction), C467A (DHHA,
catalytically inactive), or C467S (DHHS, catalytically inactive) were previously
synthesised within the Chamberlain lab via site-directed mutagenesis using the
zDHHC17 pEF-BOS-HA plasmid from Professor Masaki Fukata as a DNA template.
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Murine WT and mutant constructs of Spry2 (WT & P154A), SPRED1 (WT & P316A),
and SPRED2 (WT & P284A) were previously cloned into pEGFP-C2 vectors through
Gateway® Technology (Invitrogen Ltd., Paisley, UK) generated by Dr. Kimon
Lemonidis (University of Strathclyde). Other Spry2 mutants cloned into pEGFP-C2
that were used (Spry2 N211/D214/K223A (NDK) and Spry2 C265/268A (DM)) were
previously obtained through site-direct mutagenesis PCR by Dr. Carolina Locatelli
(University of Strathclyde) and Irina Lousa (University of Porto), respectively. Spry2
was also previously subcloned into mCherry-C2-GW vector using the Gateway®
Technology system (Invitrogen Ltd., Paisley, UK). The validity of the final clones was

confirmed (GATC service by Eurofins Genomics, Wolverhampton, UK).

SPRED1 Chimeric mutants (mouse): SPRED1 with No-EVH1 domain (encoding aa
124-442 of mouse SPRED1) was subcloned (as described in sections 2.4-2.7) into
pEGFP-C2 from mSPRED1 WT. SPRED1 with Spry2 end C291-315 (encoding aa 1-
442 of SPRED1 + aa 291-315 of Spry2 added to SPRED1s C-terminal end), and
SPRED1 with Spry2 middle region K155-176 (encoding aa 1-316 and 334-442 of
SPRED1, with aa 317-333 of SPRED1 replaced with aa 155-176 of Spry2), were
cloned into pcDNAS3.1(+)-N-eGFP vectors (N-terminal tagged) by GenScript
(GenScript Biotech (UK) Ltd, Oxford, UK).

Spry2 N-terminal truncated mutants (mouse): Spry2 100-315 (encoding aa 100-315
of Spry2), Spry2 120-315 (encoding aa 120-315 of Spry2), Spry2 140-315 (encoding
aa 140-315 of Spry2), and Spry2 155-315 (encoding aa 155-315 of Spry2) were
cloned into pcDNAS3.1(+)-N-eGFP vectors (N-terminal tagged) by GenScript
(GenScript Biotech (UK) Ltd, Oxford, UK).

Human WT and/or mutant constructs of Spry1 (NM_001258038), Spry2
(NM_005842), Spry3 (NM_001304990), Spry4 (NM_001127496) and SPRED3
(NM_005842) (listed below) were cloned into pcDNA3.1(+)-N-eGFP by GenScript
(GenScript Biotech (UK) Ltd, Oxford, UK).
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Spry2 alanine mutations (human): (1) hSpry2 WT with specific residues (L43, 146,
P154, Y176, T298, V299 & C300A) mutated to alanine in different combinations.
Constructs were cloned into pcDNA3.1(+)-N-eGFP by GenScript (GenScript Biotech
(UK) Ltd, Oxford, UK).

- hSpry2 alanine mutant constructs:
(2) P154A, (3) Y176A, (4) T298/V299/C300A, (5) L43/146A, (6) P154/Y176A,
(7) P154/T298/V299/C300A, (8) Y176/T298/V299/C300A,
(9) P154/Y176A/T298/V299/C300A, (10) L43/146/P154A, (11) L43/146/Y176A,
(12) L43/146/P154/Y176A, (13) L43/146/T298/V299/C300A,
(14) L43/146/P154/T298/V299/C300A, (15) L43/146/Y176/T298/\V299/C300A,
(16) L43/146/P154/Y176/T298/V299/C300A.

SPRED3 truncation mutants (human): SPRED3 1-113 (encoding amino acids 1-113
of human SPRED3), SPRED3 1-194 (encoding amino acids 1-194 of human
SPRED3), SPRED3 1-244 (encoding amino acids 1-244 of human SPRED3),
SPRED3 1-295 (encoding amino acids 1-295 of human SPRED3) and SPRED3 296-
410 (encoding amino acids 296-410 of human SPRED3). Cloned into pcDNA3.1(+)-
N-eGFP by GenScript (GenScript Biotech (UK) Ltd, Oxford, UK).

SPRED3 alanine scanning mutants (human): alanine scanning mutagenesis of
residues in the SPR domain, where each mutant construct had a sequential sets of
10 aa substituted by alanine (excluding cysteine residues). These were named
SPRED3 SPR mutants 1-10: 1. aa 296-307, 2. aa 308-318, 3. aa 319-328, 4. aa 329-
340, 5. aa 341-351, 6. aa 352-363, 7. aa 364-373, 8. aa 374-386, 9. aa 387-399, 10.
aa 400-410). Another set of mutants had the alanine substitutions in sequential sets
of 20 aa (excluding cysteine residues). These were named SPRED3 SPR mutants A-
E: A. aa 296-318, B. aa 319-340, C. aa 341-363, D. aa 364-386, E. aa 387-410).
Cloned into pcDNA3.1(+)-N-eGFP by GenScript (GenScript Biotech (UK) Ltd, Oxford,
UK).
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SPRED3 Cysteine mutants (human): cysteine residues within the SPR domain of
SPRED3 were replaced by alanine in groups of three residues at a time SPRED3.
SPR cysteine mutants were cloned into pcDNA3.1(+)-N-eGFP by GenScript
(GenScript Biotech (UK) Ltd, Oxford, UK).:

- Cys M1 (C297A/C300A/C315A); Cys M2 (C331A/C334A/C342A);
Cys M3 (C354A/C356A/379A); Cys M4 (C381A/C382A/C389A);
Cys M5 (C396A/C398A/C401A).

SNAP25b constructs (rat) were previously cloned into pEGFP-C2 vector (Greaves
and Chamberlain, 2006; Greaves et al., 2009).

WT SARS-CoV-2-Orf3d construct tagged with N-terminal Strep-Il were purchased
from Addgene (Addgene, MA, USA) as pLXV-EF1alpha-2xStrep-SARS-CoV-2-orf3b-
IRES-Puro plasmids (Plasmid #141384) (The Orf3b sequence in this plasmid has
since been redesignated as Orf3d (Jungreis et al., 2021) — UniProtkKB: PODTGO -
ORF3D_SARS2).

WT SARS-CoV-2-0Orf3d and WT SARS-CoV-2-0Orf3d-2 tagged with C-terminal Myc-
His were previously subcloned by PCR amplification into PCDNA3.1 Myc-His (C)
(Clontech, Takara Bio Group), from pLXV-EF1alpha-2xStrep-SARS-CoV-2-orf3b-
IRES-Puro by Dr. Christine Salaun (University of Strathclyde).

Cysteine mutant constructs (alanine substitutions) of Orf3d tagged with N-terminal
Strep-ll (M1 - C4/7/10/11A; M2 - C33/36/44A; M3 - C54/55A) were originally
synthesised and purchased from GenScript (GenScript Biotech (UK) Ltd, Oxford, UK).
These constructs were subsequently subcloned by PCR amplification into PCDNA3.1

(Clontech, Takara Bio Group) by Dr. Christine Salaun (University of Strathclyde).

The sequence of plasmid DNA was confirmed by sequencing performed by GATC
Eurofins genetic sequencing service (GATC service by Eurofins Genomics,
Wolverhampton, UK) or by sequencing performed by DNA Sequencing & Services
(MRC | PPU, School of Life Sciences, University of Dundee, Scotland,
www.dnaseq.co.uk) using Applied Biosystems Big-Dye Ver 3.1 chemistry on an

Applied Biosystems model 3730 automated capillary DNA sequences.
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2.3 Transfection of cells

PEI transfection of HEK-293T cells: HEK-293T cells were transfected 24 hours after
seeding using polyethyleneimine (PEI; Alfa Aesar, 43896. Stock solution at 1 mg/mi
in water, pH 7, sterile filtered, aliquoted in 1 ml and stored at -20) at a ratio of 2 uL PEI
: 1 ug total plasmid DNA. For example, in co-transfections involving two plasmids, 0.4
Hg of plasmid encoding the substrate protein and 0.6 pg of plasmid encoding the
zDHHC enzyme were used. Both plasmid and PEI were diluted in a final volume of
50 uL serum-free DMEM + GlutaMAX™, vortexed, and incubated at room temperature
for 20 minutes before 50 yL was added to each well of a 24-well plate. Cells were

used 24 hours post-transfection.

Lipofectamine transfection of HEK-293T cells: HEK-293T cells were transfected 24
hours after seeding using Lipofectamine® 2000 reagent (2209775, Invitrogen Ltd.,
Paisley, UK) at a ratio of 2 pL Lipofectamine : 1 ug total plasmid DNA. Lipofectamine
was used for transfections in the Orf3d Cys mutant experiment, which involved three
plasmids; so, 0.33 ug of each plasmid was added to 50 uL of serum-free DMEM +
GlutaMAX™. Lipofectamine was mixed separately and incubated for 5 minutes in 50
uL of serum-free DMEM + GlutaMAX™. After 5 minutes, the Lipofectamine mixture
was added to the plasmid mixture, gently inverted, and incubated at room for 20
minutes before 100 uL was added to each well of a 24-well plate. Cells were used 24

hours post-transfection.

Lipofectamine transfection of PC12 cells: PC12 cells were transfected upon seeding
using Lipofectamine® 2000 reagent (2209775, Invitrogen Ltd., Paisley, UK) at a ratio
of 2 uL Lipofectamine : 1 ug total plasmid DNA. For example, for co-transfections, 0.4
Mg of plasmid encoding substrate protein and 0.6 pg of plasmid encoding zDHHC
enzyme was added to 50 yL of serum-free RPMI media. Lipofectamine was mixed
separately and incubated for 5 minutes in 50 uL of serum-free DMEM + GlutaMAX™.
After 5 minutes, the Lipofectamine mixture was added to the plasmid mixture, gently
inverted, and incubated at room for 20 minutes before 100 uL was added to each well
of a 24-well plate. Cells were used 24 hours post-transfection. For confocal
microscopy experiments, 0.2 ug per plasmid DNA was used. Cells were adhered to
the poly-D-lysine-coated coverslips in each well of a 24-well plate. Cells were used

48 hours after transfection.
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24 Primer design

For sub-cloning into the multiple cloning site (MCS) of pEGFP-C2, primers were

designed using the online software Primer3Plus (https://primer3plus.com/cqi-

bin/dev/primer3plus.cgi) and with the addition of appropriate restriction sites. Primers

were manufactured by Merck and resuspended in 4H>O for a stock concentration of

100 uM as per the supplied datasheet. Resuspended primers were stored at -20°C.

Table 2.1. SPRED1 with No-EVH1 domain chimeric mutant

(encoding aa 124-442 of mSPRED1)

Primer name Digestion site Sequence (5’ - 3’)

S124 SPRED1_FOR | EcoR1 (GAATTC) gggGAATTCtctctagggtgeccageg

S124 SPRED1_REV | BamH1 (GGATCC). | GggGGATCCtcacccagcagccttatgtt

25 Polymerase chain reaction (PCR)

Using the desired primers, the region of interest was amplified by PCR using a 96-
well thermal cycler (Life Tech, App Biosciences 2720). PCR reaction mixes contained
2 uL of 10 uM forward/reverse primers with 1.5 pL of 50 ng/uL plasmid DNA (pEGFP-
C2 plasmid encoding full-length Spry2 WT), 1 uL of 2 mM dNTPs, 5 pL of 10X Pfu
buffer (M774A, Promega, WI, USA), and 1 uL Pfu DNA polymerase (M776A,
Promega, WI, USA); made up to a final volume of 50 pL with ¢H>-O. Samples
underwent PCR cycling with an initial denaturation step at 95°C for 2 min, followed by
35 cycles of: denaturation at 95°C for 1 min; annealing at 54°C for 0.5 min; elongation
at 72°C for 2 min per kb DNA template. These cycles were followed by a final 5-min
incubation at 72°C, before holding at 4°C until use. Successful PCR amplification was
confirmed by gel electrophoresis (See 2.6) using 5 pL of PCR product, together with
2 uL 10 x digestion dye (green) made up to 20 pL in 4H20.
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2.6  Agarose gel electrophoresis

PCR products or DNA Fragments were separated, identified, confirmed and/or
purified by agarose gel electrophoresis. In principle, an electric current is applied to a
buffer-submerged agarose gel with DNA-containing samples loaded into lanes in the
gel. Due to the intrinsically negative phosphate backbone of DNA and its uniform
mass/charge ratio, this results in the migration of DNA fragments toward the positively
charged anode through agarose matrix at variable speeds due to size (i.e., DNA of
smaller size migrates faster, and DNA of larger size migrates slower). 1 % (w/v)
agarose (Bioline, UK) in 1X TAE buffer [stock 50X: 2M Tris base (Fisher, UK, T6066),
50 mM EDTA (Sigma, UK, E5134), glacial acetic acid (VWR Chemicals, UK) to pH 8]
was used to make gels, supplemented with SYBR® Safe DNA gel stain (P/N S33102,
Invitrogen, UK) at a dilution 1:10,000. Gels were immersed in 1X TAE buffer and
samples were prepared by adding loading buffer (Fisher BioReagents™, Belgium) at
a dilution ratio of 1:5. Samples were run at 130 V for 30 min (PowerPacTM Basic,
BioRad, USA) alongside a 1 kb DNA ladder (G571A, Promega, WI, USA) as a marker
of DNA size. After electrophoresis, the DNA samples were visualized under UV light
by an Ingenius-Syngene Bio UV illuminator and associated camera (Synoptics
Syngene Gelvue, GVM30).

2.7 Sub-cloning of plasmids

Digestion

Products were digested for 1 h at 37°C using 45 pL insert (PCR product), 1.5 L
EcoR1 digestion enzyme (FD0274, Thermo Scientific), 1.5 yL BamH1 digestion
enzyme (FD0054, Thermo Scientific), 6 yL 10x fast digestion green buffer (LT-02241,
Thermo Scientific), made up to 60 pL with 4H-O. The desired plasmid vector backbone
(PEGFP-C2) used for sub-cloning was digested using the same restriction enzymes,
using 1 pL of 1 pg/uL backbone, 1 yL EcoR1 digestion enzyme, 1 yL BamH1 digestion
enzyme, 2 uL 10x digestion buffer, made up to 20 pL with 4H20.
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Purification

Digested DNA products were resolved using agarose gel electrophoresis (130 V for
45 min). DNA bands were visualised by UV illumination (Stratagene transilluminator
4000), excised from the gel using a clean scalpel and placed into 1.5 mL Eppendorf
tubes. The DNA was purified from the gel slice by using the Invitrogen PureLink®
quick gel extraction kit as per manufactures instructions (K220001, Thermofisher
Scientific). 500 L of gel solubilisation buffer (L3) was added to the tubes containing
the DNA slices and placed into a 50°C heat block (Fisher Scientific, FB15101, dry
bath) until gel dissolution. The dissolved gels containing the DNA were loaded onto
quick gel extraction columns and centrifuged at 12,000 x g for 1 min. After discarding
the flow-through, 500 uL of wash buffer (W1) was added and two centrifugations, at
maximum speed (corresponding to 16 x 000 g) for 1.5 min were performed. For DNA
recovery, 30 pL of 4H.O was added followed by centrifugation at max speed for 1 min.
Eluted DNA was stored either at 4°C short-term or at -20°C long-term.

Ligation

Purified DNA was ligated into the desired digested plasmid overnight using 10 pL
insert DNA, 2 uL backbone plasmid DNA, 1 uL T4 Ligase enzyme (M180A, Promega,
WI, USA), and 1.4 pL 10x ligation buffer (C126B, Promega, WI, USA). Ligated
products were transformed into bacterial cells and cultured for the amplification of
DNA (See 2.9). Ligated plasmid constructs were confirmed by digestion and agarose
gel electrophoresis. Successfully ligated constructs were further transformed into

bacterial cells and cultured for the greater amplification of DNA (See 2.9).

2.8 Preparation of competent TOP10 Escherichia. coli cells

A 100 pL aliquot of competent TOP10 E. Coli cells was thawed on ice for 10 minutes.
200 pL of sterile Luria Broth (LB) [1 % Tryptone (LP0043, Oxoid, UK), 1 % NacCl
(S/3160/60, Fisher, UK), and 0.5% yeast extract (LP0021, Oxoid, UK)] was added,
and incubated in a shaking incubator (200 rpm) at 37°C for 45 minutes. Bacteria were

spread on LB agar plates (without antibiotic; Sterillin, Thermo Scientific) (10 mL LB
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broth with 1.5 % agar powder (LP001, Oxoid, UK) and incubated overnight at 37°C. A
single colony was then picked and used to inoculate 2 mL of LB (no antibiotics), which
was then incubated in a shaking incubator (250 rpm). 1 mL of this culture was used
to inoculate 100 mL of LB and was further incubated at 37°C for ~2 - 3 hours until
OD600 reached a reached a value of 0.2-0.7 (POLARstar Omega, BMG Labtech).
Once achieved, the culture was chilled on ice for 15 minutes before being aliquoted
into two 50 mL tubes and pelleted by centrifugation at 3,300 x g for 10 minutes at 4°C.
The supernatant was discarded, and each bacterial pellet was resuspended in 10 mL
of ice-cold sterile 0.1 M CaCl.. Cells were incubated on ice for a further 30 minutes
before being centrifuged at 3,300 x g for 10 min at 4°C. After discarding the
supernatant, each pellet was resuspended in 3 mL of ice-cold sterile 0.1 M CaCl,
containing 15% glycerol. The obtained 6 mL of bacteria was snap-frozen into 100 yL

aliquots and stored at -80 °C for 3 to 6 months.

29 Transformation of bacterial cells and culture for the amplification of

plasmid DNA

Plasmid constructs (or completed ligation reactions) were added to a 1.5 mL
Eppendorf tube containing competent Top 10 E. coli cells and thawed on ice for 20
min. For ligation reactions, 10 yL was added to 100 uL of bacterial cells, and for
plasmid transformations 0.2 yg was added to 35 pL of bacterial cells. Following
incubation on ice, the transformation mixes underwent heat shock at 42 °C for 1 min
and were then returned to ice for 2 min. 100 uL of sterile LB broth was then added to
the transformation tubes before being incubated in a shaking incubator (200 rpm) at
37°C for 1 hour. The transformation mixes were then spread on agar plates (Sterillin,
Thermo Scientific, UK) [10 mL LB broth with 1.5 % agar powder (LP001, Oxoid, UK)
containing either 30 pg/ml Kanamycin (K4000-5G, Sigma-Aldrich, UK); or 100 pg/mi
Ampicillin (A9518-25G, Sigma-Aldrich, UK)], and incubated overnight at 37°C. The
following day, single colonies were carefully picked using a sterile pipette tip and
grown overnight at 37°C (200 rpm) in either 3 mL LB broth/antibiotic for minipreps or
150 mL LB broth/antibiotic for midipreps. The bacterial culture was used as per the
protocol in either the NucleoBond Xtra plasmid purification Miniprep (K210011,
Invitrogen, ThermoScientfic, UK) or Midiprep kit (19081001, Machery-Nagel,
Germany). DNA concentration was measured using a NanoDrop 2000/2000c
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spectrophotometer (Thermo Fisher Scientific, UK). The sequence of plasmid DNA
was confirmed by sequencing performed by GATC Eurofins genetic sequencing
service (GATC service by Eurofins Genomics, Wolverhampton, UK) or by sequencing
performed by DNA Sequencing & Services (MRC | PPU, School of Life Sciences,
University of Dundee, Scotland, www.dnaseq.co.uk) using Applied Biosystems Big-
Dye Ver 3.1 chemistry on an Applied Biosystems model 3730 automated capillary

DNA sequences.

210 Analysis of protein expression

Expression of protein after DNA transfection was analysed by immunoblotting (see
2.19). 24 hours post-transfection, cells were washed once in PBS and lysed in 100 pL
of 1X SDS sample buffer (0.4 % bromophenol blue, 200 mM Tris pH 6.8, 40 %
glycerol, 8 % SDS) with 25 mM DTT. Lysates were scraped from wells, transferred to
Eppendorf tubes and the samples were heated to 95°C before being resolved through
SDS-PAGE and examined by Western Blotting (see 2.19).

211 Fatty acid azide labelling and click chemistry

Click-AK800 dye

Twenty-four hours post-transfection, (HEK-293T) cell media was aspirated and the
cells were metabolically labelled by incubating the cells for 4 hours at 37°C in 300 uL
per well of warm serum-free medium containing 1 mg/mL fatty acid free bovine serum
albumin (A7030-100G, Sigma, UK) and 100 uM palmitic acid azide (C16-
azide_ DMSO Stock 50 mM, 500X) (synthesised by Professor Nicholas Tomkinson,
University of Strathclyde). After 4 hours, cells were washed once with 500 uL of room
temperature PBS and lysed on ice by adding 100 pL lysis buffer (50 mM Tris pH 8,
0.5% SDS) containing protease inhibitor cocktail, 1:100 (P8340-5, Sigma, UK) to each
well. 80 uL of click chemistry reaction mix (2 mM CuSO4, 0.2 mM TBTA and 2.5 pM
alkyne dye) was then added to each lysate followed by 20 pL of 40 mM ascorbic acid
(A15613, Alfa Aesar, UK). Samples were incubated for 1 hour with end-over-end
rotation at room temperature. 67 yL of 4X SDS sample buffer (0.4 % bromophenol
blue, 200 mM Tris pH 6.8, 40 % glycerol, 8 % SDS) was added together with DTT to
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a final concentration of 25 mM. Samples were then heated to 95 °C for 5 minutes
before analysis by SDS-PAGE.

The alkyne reporter molecule “clicks” with the azide group of the palmitic acid azide
in the labelling mix, causing palmitoylated proteins to fluoresce in the IR800 channel

visualised by immunoblotting analysis.

Click-PEGylation

An alternative method which was utilised involved an alkyne-conjugated 5 kDa
monomethoxy polyethylene glycol (mPEG; mPEGS5K alkyne, Aldrich, JKA3177)
reporter instead of the AK800 dye. For PEG-S-acylation experiments, twenty-four
hours post-transfection, cell media was aspirated and the cells were metabolically
labelled by incubating the cells for 4 hours at 37°C in 300 pL per well of warm serum-
free medium containing 1 mg/mL bovine serum albumin (fatty acid-free) (A7030-
100G, Sigma, UK) and either 100 uM of “cold” palmitic acid used as a negative control
(one well per sample), or 100 uM of palmitic acid azide (two wells per sample) (both
in DMSO Stock 50 mM, 500X). After 4 hours, cells were washed once with 500 uL
room temperature PBS and lysed on ice by adding 100 pL lysis buffer (50 mM Tris pH
8, 0.5% SDS) containing protease inhibitor cocktail, 1:100 (P8340-5, Sigma, UK) to
each well. 80 uL of click chemistry reaction mix (2 mM CuSOQO,, 0.2 mM TBTA and 200
MM alkyne-PEG reporter dissolved in DMSO) was then added to each lysate followed
by 20 pL of 40 mM ascorbic acid (A15613, Alfa Aesar, UK). Samples were incubated
for 1 hour with end-over-end rotation at room temperature. 67 pL of 4X SDS sample
buffer (0.4 % bromophenol blue, 200 mM Tris pH 6.8, 40 % glycerol, 8 % SDS) was
added together with DTT to a final concentration of 25 mM. Samples were then heated
to 95°C for 5 minutes before analysis by SDS-PAGE.

The alkyne reporter molecule “clicks” with the azide group of the palmitic acid azide
in the labelling mix, causing an increase in the protein molecular mass by 5 kDa. This

results in a band shift which is visualized by immunoblotting analysis.
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212 GFP-Trap® co-immunoprecipitation

Transfected HEK-293T cells were aspirated and washed in 500 uL PBS before being
resuspended in 200 pL lysis buffer (PBS, 0.5 % Triton X-100 [Sigma, T8787] with
added protease inhibitor cocktail, 1:100 [Sigma, P8340]). The cell lysis reaction was
incubated on ice for 30 minutes with gentle inversion every 5 minutes. 300 pL of PBS
was then added to each lysate to give a final Triton X-100 concentration of 0.2 % v/v.
The diluted lysate was centrifuged at 14,000 x g for 5 min and the supernatant was
collected. 45 pL of the supernatant was retained as an “input” sample, with the
remaining supernatant being mixed with 10 pyL of washed GFP Trap® agarose
immunoprecipitation beads (gta-20, ChromoTek GmbH, Germany). The
supernatant/agarose bead mixture was incubated for no less than 1 hour at 4°C with

end-over-end rotation.

After incubation, the agarose beads were pelleted by centrifugation at 3000 x g for 3
min and the supernatant was discarded. The beads were then washed twice in 1 mL
PBS (by resuspension and centrifugation) and then resuspended in 50 uL of 2x
sample buffer containing 100 mM DTT and heated for 10 minutes at 95°C. The
agarose beads were then pelleted by centrifugation at 3,000 x g for 3 minutes and the
supernatant (containing immunoprecipitated proteins released from the beads)

collected for subsequent analysis by SDS-PAGE and immunoblotting.

213 Click chemistry using immunoprecipitated proteins

For AK800-IR dye experiments, 48 hours post-transfection (PC12 cells) cell media
was aspirated and the cells were metabolically labelled by incubating the cells for 4
hours at 37 °C in 300 pL per well of warm serum-free medium containing 1 mg/mL
bovine serum albumin (fatty acid-free; A7030-100G, Sigma, UK) and 100 yM palmitic
acid azide (C16-azide_DMSO Stock 50 mM, 500X) (synthesised by Professor
Nicholas Tomkinson, University of Strathclyde). For mPEG S-acylation experiments,
24-hours post-transfection cell media was aspirated and the cells were metabolically
labelled by incubating the cells for 4 hours at 37°C in 300 L per well of warm serum-
free medium containing 1 mg/mL bovine serum albumin (fatty acid-free; A7030-100G,
Sigma, UK), and 100 pM of either palmitic acid-azide or palmitic acid (both in DMSO
Stock 50 mM, 500X).
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After 4 hours, cells were washed once with 500 uL room temperature PBS before
being resuspended in 200 pL lysis buffer (PBS, 0.5 % Triton X-100 [Sigma, T8787]
with added protease inhibitor cocktail, 1:100 [Sigma, P8340]). The cell lysis reaction
was incubated on ice for 30 minutes with gentle inversion every 5 minutes. 300 uL of
PBS was then added to each lysate to give a final Triton X-100 concentration of 0.2
% vlv. The diluted lysate was centrifuged at 14,000 x g for 5 min and the supernatant
was collected. 45 pL of the supernatant was retained as an “input” sample, with the
remaining supernatant being mixed with 10 yL of washed GFP Trap® agarose
immunoprecipitation beads (gta-20, ChromoTek GmbH, Germany). The
supernatant/agarose bead mixture was incubated for no less than 1 hour at 4°C with

end-over-end rotation.

After incubation, the agarose beads were pelleted by centrifugation at 3000 x g for 3
min and the supernatant was discarded. The beads were then washed twice in 1 mL
PBS (by resuspension and centrifugation, 3000 x g for 3 min) and then resuspended
in 100 L of PBS containing 0.2 % Triton X-100. 80 pL of click chemistry reaction mix
(2 mM CuSO., 0.2 mM TBTA and 2.5 uM alkyne dye or 200 yM alkyne-mPEG) was
then added to each resuspended precipitate followed by 20 pyL of 40 mM ascorbic
acid (A15613, Alfa Aesar, UK). Samples were incubated for 1 hour with end-over-end
rotation at room temperature. After incubation, the beads were washed in 1 mL of PBS
containing 0.2 % Triton X-100 (by resuspension and centrifugation, 3000 x g for 3
min), before being resuspended in 50 pL of 2x sample buffer containing 100 mM DTT
and heated for 10 minutes at 95°C. The agarose beads were then pelleted by
centrifugation at 3,000 x g for 3 minutes and the supernatant (containing
immunoprecipitated proteins released from the beads) collected for subsequent

analysis by SDS-PAGE and immunoblotting.

214 Cycloheximide chase to examine protein turnover

Twenty-four hours post-transfection, cells were incubated with 50 pg/ml of
cycloheximide (CHX; C-7698, Sigma, UK) for different time points between 0 - 8 hrs
depending on the experiment. Cells at each time point were washed once in PBS and
lysed in 100 pyL of 1X SDS buffer (25 mM DTT). Lysates were scraped from wells,
transferred to Eppendorf tubes and the samples were heated to 95 °C before being
examined by Western Blotting (see 2.19). Expression of relevant proteins (e.g., HA-
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zDHHC17 or Orf3d-Strep-Il) was quantified at each time point relative to the

corresponding total protein stain (see 2.18).

2.15 Stimulation of the MAPK pathway

Cells were transfected with either EGFP-tagged Spry2 WT, Spry2, DM, Spry2 NDK;
or co-transfected with HA-tagged zDHHC17 or zDHHC7. Twenty-four hours post-
transfection, cells were serum starved for four hours in serum-free media. Serum-free
media was then removed and replaced with 0.5 mL of media containing 50 ng/mL of
growth factor for a designated time (typically 10 minutes). Growth factors used were
either fibroblast growth factor (FGF; recombinant human FGF basic 146 aa, 233-FB,
R&D Systems, UK) or epidermal growth factor (EGF; recombinant human EGF, 236-
EG, R&D Systems, UK). After this time period, the media was removed, and cells
were washed in PBS and lysed in SDS sample buffer (25 mM DTT). Lysates were
scraped from wells, transferred to Eppendorf tubes and the samples were heated to

95°C before being analysed by Western Blotting using TBS-T (see 2.19)

2.16 Incubation of cells with salt compounds

24 hours post-transfection, cells were washed once in PBS and incubated for 4 hours
in DMEM (+ serum) with the addition of 100 uM of salt, either: Sodium Chloride (NaCl)
(S/3160/60; Fisher Scientific, UK), Magnesium Chloride (ZnCl2) (M/0600/53; Fisher
Scientific, UK), Zinc Chloride (ZnCly) (Z2/0850/53; Fisher Scientific, UK), Sodium
Sulphate (NaxO4) (7757-82-6; Fisher Scientific, UK), Magnesium Sulphate (MgSQO,)
(M/1050/53); Fisher Scientific, UK), or Zinc Sulphate (ZnSO4) (10299; AnalaR, BDH
Chemicals Ltd, UK). After which cells were lysed in 100 pL of 1X SDS buffer (with 25
mM DTT) and scraped from wells before being transferred to Eppendorf tubes.
Samples were heated to 95°C and resolved through SDS-PAGE and examined by
Western Blotting (see 2.19).
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217 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE)

Gels were cast using two different gel compositions: a resolving polyacrylamide gel
(8-15% acrylamide) at the bottom [40% acrylamide (Alfa Aesar, MA, USA, J60868),
100 pL of 438 mM ammonium persulfate (APS, Sigma, UK, A3678), 10 pL of TEMED
(Sigma, UK, T9281), and 5 mL of resolving buffer (30 mM (w/v) SDS (Fisher, UK,
S/P530153), 4 mM EDTA (Sigma, UK, E5134), 750 mM Tris base (Fisher, UK, T6066),
pH 8.9)]. A polyacrylamide stacking gel was then added on top spaced by a 1.0 mm
comb [0.9 mL of 40% acrylamide (Alfa Aesar, MA, USA, J60868), 100 uL of 438 mM
APS (Sigma, UK, A3678), 10 uL of TEMED (Sigma, UK, T9281), and 4 mL of stacking
buffer (30 mM (w/v) SDS (Fisher, UK, S/P530153), 4 mM EDTA (Sigma, UK, E5134),
250 mM Tris base (Fisher, UK, T6066), pH 6.8 in 4H20)]. Samples were loaded into
gel lanes and underwent sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) in SDS running buffer (250 mM Tris base (Fisher, UK, T6066), 2 M
glycine (Fisher, UK, G/0800/60), and 152 mM SDS (Fisher, UK, S/P530153)),
alongside a molecular weight marker (BP3601-500, EZ-Run™ pre-stained protein
marker, Fisher BioReagents™, UK). Gels were typically run at 80 V for 20 min followed
by 150 V for 60 min (based on a 10 % resolving polyacrylamide gel). After SDS-PAGE,
protein transfer to nitrocellulose membranes (6 x 9 cm) was conducted using a Bio-
Rad Trans-Blot® SD cell (Bio-Rad Laboratories, Inc, UK). For this, nitrocellulose
sheets were positioned on top of gels and filter paper placed at either side (all
components pre-soaked in transfer buffer) before being placed into the transfer
cassette. Transfer was then performed at 120 mA overnight (~16 hours) in transfer
buffer [480 mM Tris base (Fisher, UK, T6066), 390 mM glycine (Fisher, UK,
G/0800/60), 9 mM SDS (Fisher, UK, S/P530153), and 20 % (v/v) Methanol (VWR
Chemicals, UK)].

218 Total protein stain

Nitrocellulose membranes were removed from the transfer apparatus and all proteins
were stained using the LI-COR REVERT ™ Total protein stain kit (LI-COR Biosciences
UK Ltd, Cambridge, UK). As per the manufacturer’s protocol, the transferred
membranes were briefly rinsed in 4H20 and then incubated with REVERT total protein
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stain for 5 minutes, with gentle shaking. This was followed by two washes (30 seconds
each) with wash solution (67% (v/v) glacial acetic acid, 30% methanol, in 4H20).
Membranes were then scanned using the 700 nm channel of a LI-COR Odyssey 9120
IR Imager (LI-COR Biosciences UK Ltd, Cambridge, UK). After scanning, the stain
was completely removed from the membrane by incubating with gentle shaking in
REVERT reversal solution for no longer than 10 minutes. Membranes were then

briefly rinsed in ¢H20 before further use.

2.19 Immunoblotting (Western blotting)

For immunoblotting analysis, membranes were first blocked for 45 minutes in 5% (w/v)
defatted milk diluted in PBS-T (PBS containing 0.1 % Tween-20 (P1379-1L, Sigma,
UK)). Membranes were then washed three times using PBS-T (5 minutes per wash).
Membranes were then incubated for 2 hours with the appropriate primary antibody
(table 2.2) diluted in PBS-T. Membranes were again washed three times in PBS-T
before being incubated for 1 hour with appropriate secondary antibodies (table 2.2).
Membranes were washed for a final time using PBS-T, three times for 5 minutes each,
before being scanned using the 700 nm and 800 nm channels using a LI-COR
Odyssey 9120 IR Imager (LI-COR Biosciences UK Ltd, Cambridge, UK). All

incubations were performed at room temperature.
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Table 2.2. Antibodies involved in the immunodetection of proteins

Antibody Species Clonality Source Cat. Code Dilution

Primary antibodies

Monoclonal, | Clontech,
GFP (JL8) Mouse 632381 1:4,000
19G Takara
Monoclonal,
a-HA (3F10) Rat oG Roche 11867423001 | 1:1,000
g
Monoclonal,
p-ERK (E-4) Mouse 4G Santa Cruz SC-7383 1:200
g
) Polyclonal,
ERK 1/2 (H-72) Rabbit oG Santa Cruz | SC-292838 1:200
g
Strep-ll Monoclonal, _
Mouse GenScript A01732 1:2,000
(THE™ NWSHPQFEK) 1gG1
Monoclonal, )
MYC (9E10) Mouse oG Sigma M5546 1: 1,000
g

Secondary antibodies

IR DYE 680RD Donkey Licor Inc,
_ 19G 926-68072 1:20,000
anti-mouse USA
IR DYE 800CW Donkey Licor Inc,
_ 19G 926-32212 1:20,000
anti-mouse USA
_ Licor Inc,
IR DYE 680RD Goat anti-rat [s]€] USA 926-68076 1:20,000
_ Licor Inc,
IR DYE 800CW Goat anti-rat [s]€] USA 926-32219 1:20,000
IR DYE 680CW Donkey Licor Inc,
_ _ 19G 926-68073 1:20,000
anti-rabbit USA
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2.20 Confocal microscopy

For confocal microscopy experiments, PC12 cells were seeded on poly-D-lysine
coated coverslips as described above (see 2.1) and used 48 hours post-transfection.
The coverslips were washed twice with PBS and fixed in 300 pL 4 % (v/v)
formaldehyde (#28902, Pierce™, Thermo Fisher Scientific, UK) for 30 minutes at
room temperature. The coverslips/cells were then washed twice with PBS and once
with ¢H-O before being air dried for 1 hour at room temperature. Coverslips were
mounted on microscope slides (7101, Sailing boat, China) using Mowiol® aqueous
mounting reagent and cured overnight to harden before being transferred to 4°C until
required. Cells were imaged using a TCS SP8 Leica microsystems confocal

microscope (Leica, UK).

2.21 Bioinformatics

Plasmid design

DNA sequences were obtained and/or confirmed using reference sequences from the
National Centre for Biotechnology Information (NCBI) database (National Library of
Medicine; National Institutes of Health; U.S. Department of Health and Human

Services). (https://www.ncbi.nim.nih.gov/). DNA sequences/plasmid constructs were

visualised and designed using ApE, A Plasmid Editor (Davis, M. W., & Jorgensen, E.
M. (2022)).

Multiple sequence alignment

Alignments of multiple protein sequences were generated using the UniProt alignment
tool  (https://www.uniprot.org/align). Obtained images were subsequently

annotated/edited in Microsoft PowerPoint.

AlphaFold and Google ColabFold

3D protein structure predictions were obtained from the open-access AlphaFold

Protein Structure Database developed by DeepMind and EMBL-EBI (Jumper et al.,
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2021, Varadi et al., 2022). For protein structures not available on AlphaFold DB, amino
acid sequences of interest were uploaded in text format and modelled using Google
ColabFold AlphaFold2 (Phenix version) (Mirdita et al., bioRxiv, 2021,
(https://github.com/sokrypton/ColabFold). Outputs were produced as PDB files and
subsequently visualised using the RCSB Protein Data Bank 3D Mol* Viewer (Sehnal
et al., 2021). Obtained images were subsequently annotated/edited in Microsoft

PowerPoint.

PSIPRED

Predictions of protein secondary structures, amino acid property analysis, membrane
topology schematics, and feature-based function predictions of cellular function and
localisation were produced using the PSIPRED 4.0 feature. Amino acid sequences
were uploaded in text format to the UCL bioinformatics group protein structure
analysis workbench (http://bioinf.cs.ucl.ac.uk/psipred). Obtained images were

subsequently annotated/edited in Microsoft PowerPoint.

NetWheel

To determine the arrangement of amino acids within predicted alpha helices of
proteins, amino sequences were uploaded in text format to the online NetWheels tool
(http://Ibgp.unb.br/NetWheels/) to produce helical wheel projections. Obtained

images were subsequently annotated/edited in Microsoft PowerPoint.

Hydropathy plot

To evaluate hydrophilicity and hydrophobicity of Orf3d along its amino acid sequence
a hydropathy plot was generated using the ProtScale resource from the Swiss
bioinformatics resource portal, ExPASy (Wilkins et al., 1999). Hydropathy plot based
on the Kyte & Doolittle hydropathy scale (Kyte and Doolittle, 1982).
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2.22 Data and statistical analysis

Densitometry and quantification of all immunoblots was carried out using Licor®
Image Studio™ Lite software (LI-COR® Inc., USA). All figures were created using
Microsoft PowerPoint software. Statistical analysis was conducted using GraphPad
Prism 8.0 (San Diego, CA, USA). Data was analysed using either; one-way ANOVA
or two-way ANOVA followed by Tukey’s multiple comparison test; or an unpaired t-
test (correcting for multiple comparisons using the Holm-Sidak method where
appropriate). Mean values + standard error of the mean (x SEM) was plotted, and the
number of replicates was indicated in the figure legends. For significant results ****
denotes P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05, and ns denotes non-
significance. Image J software (National Institutes of Health, USA) was used to

process confocal microscopy images and conduct co-localisation analysis.
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CHAPTER 3

CHARACTERISATION AND FUNCTIONAL
EFFECTS OF SPRY/SPRED PROTEINS
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Chapter 3 - Characterisation and functional effects of Spry/SPRED

proteins

Introduction

For zDHHC13/17, a novel substrate-binding motif recognised by the ankyrin repeat
(AR) domain of the enzymes was previously identified (Lemonidis et al., 2015b). Using
alanine scanning mutagenesis and bioinformatics, the study revealed that the AR of
these two enzymes recognises a hexapeptide consensus motif - (VIAP)(VIT)XXQP
(named the “zDHHC ankyrin binding motif’ or “zDABM” for short). The zDABM of
SNAP25 is critical for its interaction with and S-acylation by zDHHC17 (Greaves et
al.,, 2010b; Lemonidis, Sanchez-Perez, and Chamberlain, 2015b). Subsequent
research by Lemonidis and colleagues utilised peptide array analysis to further predict
and validate zDHHC17-interacting zDABMs from 90 different proteins (Lemonidis et
al., 2017a). The proteins identified to contain a zZDABM included several members of
the Spry and SPRED families, however SPRED3 lacks a zDABM. Spry/SPRED
proteins were considered worthy of further investigation as a “bioplex” interactome
study identified that endogenous Spry2 and zDHHC17 form a complex in cells,
suggesting that the interaction is physiologically relevant (Huttlin et al., 2015). The
proteins are of additional interest due to the presence of a highly conserved C-terminal
cysteine-rich SPR domain. In general, there is little known about the S-acylation of
such cysteine-rich proteins. Furthermore, Spry/SPRED proteins have been linked to
various cancers in their role as negative regulators of the MAPK growth factor
signalling pathway. Spry2, has now been shown to interact with and be S-acylated by
zDHHC17 (Masoumi-Moghaddam et al., 2014b, Locatelli et al., 2020).

Subsequent analysis has identified specific cysteines in Spry2 that are modified by
zDHHC17 - C265 and C268. In addition, an NDK motif (N211/D214/K223) is also
required for S-acylation (Locatelli et al., 2020). The same study by Locatelli et al.,
(2020) further characterised the role of zZDHHC17, by showing that the S-acylation
mutants of Spry2 have decreased plasma membrane localisation and a reduction in
protein stability. As mentioned above, SPRED3 does not contain a zDABM motif, but
yet has been shown to bind and be S-acylated by zDHHC17 (Butland et al., 2014).
This suggests that SPRED3 (and possibly other Spry/SPRED proteins) may have an

alternative zDHHC17 interaction site that is coupled to S-acylation.
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The aims of this chapter were to (i) examine the interaction and S-acylation of the full
Spry and SPRED protein families with zDHHC17; (ii) to explore the possible role of

S-acylation of Spry2 on its function in growth factor signalling.

Results
3.1 S-acylation of endogenous Spry2 in PC12 cells

Variability in mRNA expression between cell types is well known, which includes
variable expression of zDHHC enzymes and their substrates. Previous work in the
Chamberlain lab has shown that zDHHC17 substrates, such as SNAP25 are
effectively S-acylated in PC12 cells (rat pheochromocytoma cells) without co-
expression of recombinant zDHHC17 (Greaves and Chamberlain, 2011). This is
furthered in experiments by Dr. Carolina Locatelli which also show a strong S-
acylation of Spry2 in PC12 cells without the need for co-expressed zDHHC17
(Locatelli et al., 2020). Initial investigation and optimisation of techniques for the S-
acylation of Spry2 was conducted in these neuroendocrine cells. Two different types
of click chemistry analyses (infrared dye or PEG-acylation) were used to determine
the S-acylation status of Spry2. Both methods are based on copper(l)-catalysed
azide-alkyne cycloaddition (CuAAC) click chemistry which allows for the specific
conjugation between azide and alkyne molecules. In this case bio-incorporated
palmitic acid synthesised to include an azide molecule conjugates to an alkyne
molecule attached to either a near-infrared IR800 fluorescent dye or a polyethylene

glycol molecule of 5 kDa (mPEG).

Figure 3.1 A shows the effective detection of immunopurified Spry2 using the IR800
fluorescent dye method. This method focuses on the overall S-acylation of the protein,
where the intensity of the dye (AK800) corresponds to level of S-acylation. In
immunopurified Spry2 samples there is a significant increase in EGFP-tagged Spry2
S-acylation when compared to that of the EGFP alone negative control (figure 3.1 B).
Figure 3.1 C shows the effective detection of immunopurified Spry2 using the PEG-
acylation method. Once palmitic acid-azide is incorporated via S-acylation, alkyne-
mPEG5K (monomethoxy polyethylene glycol, 5 kDa) can conjugate, thereby
increasing protein mass by approximately 5 kDa per fatty acid attachment. Whereas
the IR800 dye method discussed above focuses more on overall S-acylation; this

mPEG-acylation method focuses more precisely on the S-acylation of specific
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cysteine residues (i.e., the more cysteine residues that are S-acylated, then the more
bands that are visible on the immunoblot). In immunopurified Spry2 samples there is
a reduction in non-acylated EGFP-tagged Spry2 at ~65 kDa, but an increase in S-
acylated EGFP-tagged Spry2 at both 75 and 85 kDa (figure 3.1 C/D) when the
samples are click with alkyne-mPEGS5K. This indicates the presence of at least two

cysteines that are specifically PEGylated.

Although both methods have their strengths, the IR800 dye method was taken forward
to be used in this thesis, as Spry2 is known to have 26 cysteine residues. The
PEGylation method of click chemistry analysis is not able to distinguish this potentially

high number of modified cysteines or to give reliable quantification.
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Figure 3.1. Detection of Spry2 S-acylation in PC12 cells using click-chemistry
coupled immunoprecipitation techniques. (A) PC12 cells were transfected with
plasmids encoding for EGFP-tagged Spry2 or EGFP alone as a control. Cells were
incubated with 100 uM palmitic acid azide (C16:0-azide) for 4 h and subsequently
incubated with agarose beads conjugated to an EGFP antibody overnight. Labelled
and immunoprecipitated proteins were reacted with alkyne (AK) IRdye-800 nm.
Representative images showing substrate S-acylation (top; AK-IR800) and substrate
EGFP expression levels (middle; IR680) detected in input and co-immunoprecipitated
samples on the same immunoblot. A total protein stain (TPS) is also shown (bottom
panel; IR680). The positions of the molecular weight markers (kDa) are shown on the
left side of all immunoblots. (B) Graph showing the mean intensity values of Spry2
and EGFP S-acylation relative to substrate expression (AK800/EGFP680),
normalised to the highest value on the blot (n = 3, for a single experiment). Error bars
represent + SEM; each replicate is shown with filled circles. (C) PC12 cells were
transfected with plasmids encoding for EGFP-tagged Spry2. Cells were incubated for
4 h with 100 uM of either palmitic acid-azide (+) or palmitic acid (-) as a control. Once
incorporated via S-acylation, alkyne-PEG5K (monomethoxy polyethylene glycol, 5
kDa) conjugates through alkyne-azide click chemistry, thereby increasing protein
mass by approximately 5 kDa per attachment. Representative images showing
substrate S-acylation/PEGylation (top; EGFP800) detected by immunoblot. A total
protein stain (TPS) is also shown (bottom panel; IR680). The positions of the
molecular weight markers (kDa) and visible bands at ~65, ~75, and ~85 kDa
(indicated by *) are shown on the left side of all immunoblots. (D) Graph showing the
mean intensity values of Spry2 expression (IR800) at bands visible at ~65, ~75, and
~85 kDa, and normalised to the highest value on the blot (n = 3, for a single

experiment). Error bars represent + SEM; each replicate is shown with filled circles.

3.2 All Spry proteins are effectively S-acylated by zZDHHC17 in HEK-293T

cells

Although endogenous Spry2 is S-acylated in PC12 cells, the transfection efficiency in
this cell line is low and protein immunopurification is necessary for optimal
visualisation/detection of S-acylation. Alongside this as PC12 are grown in
suspension, other challenges arise such as reduced cell adhesion during serum

starvation (required for click chemistry metabolic labelling), leading to excess cell loss
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during washing and aspiration. As the prospective experiments required effective co-
transfection of plasmid DNA, an alternative cell line was sought. Human embryonic
kidney 293T cells (HEK-293T) have been previously used within the Chamberlain lab
for analysis of S-acylation (Greaves et al., 2009, Locatelli et al., 2020) and are suitable
for high transfection efficiency and protein expression (figure 3.2), as well as reliable
growth and adhesion (Tan et al., 2021). Therefore, for experiments in this thesis, HEK-

293T cells have been used, unless otherwise stated.

Spry2 has been shown in previous research to be effectively S-acylated (Locatelli et
al., 2020). However, there has been less investigation into the S-acylation of Spry1,
3, & 4. Plasmids encoding EGFP-tagged Spry1, Spry2, Spry3, and Spry4 were
transfected into HEK-293T cells together with a plasmid encoding HA-zDHHC17 or
pEF-BOS-HA empty plasmid as a negative control. As can be seen in figure 3.2 B, all
Spry proteins (1, 2, 3, & 4) can be S-acylated by zDHHC17. When S-acylation signals
are normalised to the expression of the substrate signal (AK800/EGFP680) in figure
3.2 C, Spry3 has the highest level of S-acylation by zZDHHC17 and Spry1 has the
lowest signal. Spry2 and Spry4 were also highly S-acylated but less than that of Spry3
(figure 3.2 C). When S-acylation by zZDHHC17 was expressed as a fold change above
basal, Spry2 had the lowest mean fold change showing a 90% increase in S-acylation
in the presence of zDHHC17 (figure 3.2 D). zDHHC17 still exhibited the greatest effect
on Spry3 with a mean fold increase of nearly 300%. Spry1 and Spry4 fold change in
S-acylation with zDHHC17 were 177% and 200%, respectively (figure 3.2 D).

The middle panels of figure 3.2 B (Spry-EGFP IR680) also indicates a differential band
expression not only between Spry proteins, but also between samples with or without
zDHHC17 co-expressed. This can be seen in the middle panel for Spry2 where a
second upper band is more visible in co-expression with zDHHC17 than without
(noting that the lower band is also much more well expressed). The upper band of
Spry2 protein is generally reported to be a phosphorylated form of the protein (Lao et
al., 2007b). For Spry1 and Spry3 there is also a clear lower to upper band shift in the
presence of zDHHC17. However, for Spry4, although the expression of the protein is
increased in the presence of zDHHC17, a band shift is harder to discern (figure 3.2
B).

81



[:I zDABM - (VIAP)(VIT)XXQP sequence

1
N- I[ ] [ [ SPR (CRD) ] ]-c sprytwr
1 315
N- I[ D [ SPR (CRD) ] ]I ¢ Spry2 WT
1 288
| |
n- | [ ( SPR (CRD) ] - Spry3 WT
1 299
} |
N 1 ( SPR(CRD) | | -c Spryd WT
B
Spry1 Spry2 Spry3 Spry4
kDa - + - + - + - +  zDHHC17
85 —TT e | B s |
~r . ' o @ C s
47 — o
85 —
---- __.. .!.- g-!J(SI;;‘Q()E)GFP
47 —
85 =i
.- — — — - - e | HA-zD17
(IR680)
47—
c D

I k% k¥

-
)

5 80q 5 ~ 6

Sa : . 23 Rk

= S, e

® 6 60 xxx : 4 B . 3“6'_

>uw : . T2 4 .

[ n - *%

? 3 o e o x

»n 5 40+ . e < ~ .

-8 ~ . £ (=) . .

gs 11 FHL L 3 g8 29 | [ F

5%20“ . R £ e N [ -

57 [ ' §& 0TI T T

z 0 T 1 — T T % 0 T T T T I — T
- + - + - + - + zDHHC17 w - + - + - + = <+ zDHHC17
Spryl  Spry2  Spry3  Spry4 Spryl  Spry2  Spry3  Spry4

Figure 3.2. All Spry proteins are S-acylated by HA-zDHHC17. (A) Schematic
diagram comparing Spry1, Spry2, Spry3, and Spry4 proteins. Regions conforming to
canonical zDABM sites ((VIAP)(VIT)XXQP) are indicated; SPR, Sprouty domain also
referred to as CRD (cysteine-rich domain). All constructs used have EGFP tags
appended at the N terminus. (B) HEK-293T cells were transfected with plasmids
encoding for EGFP-tagged Spry1, Spry2, Spry3, or Spry4, together with either pEF-
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BOS-HA (as “” in the figure) or HA-zDHHC17 (as “+“ in the figure). Cells were
incubated with 100 uM palmitic acid azide (C16:0-azide) for 4 h and labelled proteins
reacted with alkyne (AK) IRdye-800 nm. Representative images showing Spry S-
acylation (top; AK-IR800) and EGFP-tagged Spry levels (middle; IR680) detected on
the same immunoblot. For zZDHHC17, HA (bottom; IR680) was revealed for the same
samples on a different immunoblot. The positions of the molecular weight markers
(kDa) are shown on the left side of all immunoblots. (C) Graph showing the mean
intensity values of Spry S-acylation relative to protein expression (AK800/EGFP680)
and normalised to the highest value on each blot. (D) Graph showing the mean fold
change between Spry S-acylation in the presence and absence of zDHHC17
(zDHHC17 (+) / pEF (-)). Error bars represent £+ SEM; each replicate is shown with
filled circles. Differences were analysed by unpaired t test (pEF v zDHHC17). ****
denotes p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, (n = 6, for three independent

experiments).

3.3 SPRED1 and SPRED2 are not effectively S-acylated by zDHHC17

As previously discussed, Spry proteins share a high homology with another group of
proteins known as Sprouty related EVH1 domain containing proteins, abbreviated as
SPREDs. SPRED1 and SPRED2 contain a zDABM sequence making them
interesting proteins to investigate in terms of S-acylation (Lemonidis et al., 2017a).
SPRED1 has previously been reported to be S-acylated using click chemistry assays
(Butland et al., 2014).

Co-transfections were therefore set up to examine if zDHHC17 was active against
SPRED1 and SPRED2 in our assay systems (Spry2 was also included in these
experiments as a control). In addition, the role of the zDABM sequences in the
Spry/SPRED proteins was investigated by mutating the conserved proline in this motif
to an alanine. In addition to zDHHC17, the highly active zDHHC7 isoform was also
included as a positive control (Lemonidis et al., 2014, Locatelli et al., 2020). Plasmids
encoding EGFP-tagged Spry2 WT, Spry2 P154A, SPRED1 WT, SPRED1 P316A,
SPRED2 WT, and SPRED2 P284A were used. These were transfected into HEK-
293T cells together with a plasmid encoding for HA-zDHHC17, HA-zDHHC7, or pEF-

BOS-HA empty plasmid as a negative control. The transfected cells were incubated
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with palmitic acid azide to label S-acylated proteins via conjugation to an alkyne-IR800
dye. Spry2 WT was found to be highly S-acylated by zDHHC7 and to a lower extent
by zDHHC17 (figure 3.3 A). Interestingly, the proline mutant construct (P154A) was
also effectively S-acylated by zDHHC17 (figure 3.3 A). Like Spry2, both SPRED1 and
SPRED2 were S-acylated by zDHHC7, however neither the WT nor the proline mutant
forms of these proteins were significantly S-acylated by zDHHC17 (figure 3.3 B and
3.3 C).
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Figure 3.3. S-acylation of WT and zDABM mutants of Spry2, SPRED1, and
SPRED2 in HEK-293T cells. HEK-293T cells were co-transfected with plasmids
encoding for EGFP-tagged Spry2 WT, Spry2 P154A, SPRED1 WT, SPRED1 P316A,
SPRED2 WT, and SPRED2 P284A, together with HA-tagged zDHHC17, zDHHC?7, or

“ 9

PEF-BOS-HA negative control plasmid (as “-” in the figure). Cells were incubated with
100 uM palmitic acid azide (C16:0-azide) for 4 h and labelled proteins reacted with
alkyne (AK) IRdye-800 nm. (A/C/E) Representative images showing Spry/SPRED S-
acylation (top; AK-IR800) and EGFP-tagged Spry/SPRED levels (middle; IR680)
detected on the same immunoblot. For zDHHC17/zDHHC7, HA (bottom; IR680) was
revealed for the same samples on a different immunoblot. The positions of the
molecular weight markers (kDa) are shown on the left side of all immunoblots. (B/D/F)
Graphs showing the mean intensity values of Spry2/SPRED1/SPRED2 S-acylation
relative to substrate expression (AKS8OO/EGFP680) and normalised to the highest
value on each blot. Error bars represent * SEM; each replicate is shown with filled
circles. Differences were analysed by unpaired t test (pEF v zDHHC17/zDHHC7). ****
denotes p < 0.0001, ***p < 0.001, *p < 0.01 (n = 6, for three independent
experiments). Data points less than < 0 were set to = 0. All samples showed a
significant increase between the negative control (pEF-BOS) and zDHHC?7, where

P < 0.0001.

3.4 SPRED3 is S-acylated by zDHHC17

SPRED3 is unique in the Spry/SPRED families as it lacks a typical zDABM sequence
(Lemonidis et al., 2017a). However, a previous study reported that SPRED3 can be
S-acylated by zDHHC17 (Butland et al., 2014). To examine if this result could be
replicated under the conditions used in our S-acylation assays, HEK-293T cells were
co-transfected with zDHHC17 and either Spry2 WT or SPRED3 WT and then
incubated with C16:0-azide and processed for click chemistry detection of S-acylation
(figure 3.4 A). As before, mean intensity values for the S-acylated band (IR800) of
each substrate were normalised against the EGFP intensity for that protein (figure 3.4

B) or expressed as a fold increase above basal (figure 3.4 C).

As shown in Figure 3.4 B, both Spry2 and SPRED3 showed a significant increase in
S-acylation when co-expressed with zDHHC17, compared with the basal for each
sample. Spry2 exhibited a higher intensity in S-acylation than SPREDS3. As the basal
level of SPRED3 S-acylation was lower than Spry2, the fold increase in acylation by
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zDHHCA17 over basal was also calculated for both proteins. Figure 3.4 C shows that
both Spry2 and SPRED3 exhibited a similar fold increase in mean intensity with
zDHHC17, despite overall lower levels of fluorescence for SPRED3. The mean fold
change for Spry2 in the presence of zDHHC17 was 4.594 + 0.726 AU, and for
SPRED3 was 3.485 + 0.379 AU.
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Figure 3.4. S-acylation of SPRED3 and Spry2 by zDHHC17. (A) HEK-293T cells
were transfected with plasmids encoding for EGFP-tagged Spry2 WT or SPRED3 WT
together with either pEF-BOS-HA (as “” in the figure) or HA-zDHHC17 (as “+“ in the
figure). Cells were incubated with 100 uM palmitic acid azide (C16:0-azide) for 4 h
and labelled proteins reacted with alkyne (AK) IRdye-800 nm. Representative images
showing Spry/SPRED S-acylation (top;, AK-IR800) and EGFP-tagged Spry/SPRED
levels (middle; IR680) detected on the same immunoblot. For zDHHC17, HA (bottom;
IR680) was revealed for the same samples on a different inmunoblot. The positions

of the molecular weight markers (kDa) are shown on the left side of all immunoblots.
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B) Graph showing the mean intensity values of Spry/SPRED S-acylation relative to
substrate expression (AK800/EGFP680) and normalised to the highest value on each
blot. (C) Graph showing the mean fold change between Spry/SPRED S-acylation in
the presence and absence of zDHHC17 (zDHHC17 (+) / pEF (-)). Error bars represent
+ SEM; each replicate is shown with filled circles. Differences were analysed by
unpaired t test (pEF v zDHHC17). **** denotes p < 0.0001, ***p < 0.001 (n = 9, for

three independent experiments).

3.5 AlphaFold prediction and testing of Spry2 interactions with the ankyrin
repeat domain of zDHHC17

Understanding the structure of zDHHC enzyme-substrate complexes is important to
predict and validate functional regions within these proteins. Complete crystal
structures do not currently exist for either full-length zDHHC17 or Spry2. Structures
are available for the ankyrin repeat of zZDHHC17 (aa 51-288) in a complex with a
SNAP25b peptide (Verardi et al., 2017), and for Spry2 aa 49-61 in a complex with the
c-cbl-tkb domain of the E3 ubiquitin-protein ligase (Ng et al., 2008). However, recent
developments in AlphaFold, an Al system developed by DeepMind and EMBL-EBI,
now allow prediction of a protein’s 3D structure from its amino acid sequence
(https://alphafold.com/).

Although determined to be highly accurate, the AlphaFold database does not contain
structures of protein-protein complexes. To overcome this, protein complex modelling
software from Google Colab’s AlphaFold-Multimer notebook (Evans et al., 2022)
based on AlphaFold by DeepMind and EMBL-EBI (Jumper et al., 2021; Varadi et al.,
2022) was used to explore the zDHHC17-Spry2 interaction. Initial AlphaFold
modelling of Spry2 and the ankyrin repeat domain was conducted by Dr Kimon
Lemonidis (University of Glasgow) and indicated the two proteins do interact (figure
3.5 A). Alongside residue P154A of Spry2, which is part of the zDABM of this protein
(Lemonidis et al 2017), other predicted regions of interaction/interest in Spry2 were
identified. These included amino acids L43/146, Y176, and T298/V299/C300 (figure
3.5 B/C).

To investigate if these residues are important for interaction, mutant constructs of
Spry2 containing one or more of these residues substituted with alanine were

synthesised (figure 3.5 G). In this case, S-acylation of the mutant constructs by
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zDHHC17 was used as a proxy for binding (mutants 2-6 are shown in figure 3.5 D;
mutants 7-11 are presented in figure 3.5 E; and mutants 12-16 are shown in figure
3.5 F). When the Spry2 S-acylation was normalised to substrate expression, all
mutant constructs showed equal or reduced acylation by zDHHC17 (figure 3.5 H).
However, only mutant constructs 6 (P154/Y176A), 7 (P154/T298/VV299/C300A), 12
(L43/146/P154/Y176A), 13 (L43/146/T298/V299/C300), 14 (L43/146/P154/T298/V299/
C300A), and 16 (L43/146/P154/Y176/T298/V299/C300A) exhibited a significant
reduction when compared to the WT (figure 3.5 H). Further analysis of this data
showed that when normalised values of S-acylation were taken as a fold change
compared to the wild-type, constructs: 6 (P154/Y176A), 7 (P154/T298/V299/C300A),
9 (P154/Y176/T298/V299/C300A, 14 (L43/146/P154/T298/VV299/C300A), and 16
(L43/146/P154/Y176/T298/V299/C300A) showed a significant change in S-acylation
(figure 3.5 1). Except for mutant construct 13 (L43/146/T298/VV299/C300), all other
constructs that displayed significantly reduced S-acylation contained a P154A
mutation in combination with any other mutation. The greatest reduction in S-acylation

was observed for construct 16 which contained the most individual mutations.
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Figure 3.5. S-acylation of Spry2 mutant constructs based on predictions from
AlphaFold modelling of Spry2 interaction with the ankyrin repeat of zDHHC17.
(A) Protein structure predictions of protein Sprouty homolog 2 — UniProt: 043597
(SPY2_HUMAN) interacting with the ankyrin repeat of palmitoyltransferase
zDHHC17, aa 51-286 — UniProt: Q8IUHS (ZDH17_HUMAN). Protein complex
prediction modelled using Google ColLab’s AlphaFold-Multimer notebook (Evans et
al., 2022) based on AlphaFold by DeepMind and EMBL-EBI (Jumper et al., 2021,
Varadi et al., 2022). zZDHHC17 protein chain is shown in green and Spry2 protein
chain is shown in blue. (B) Enlarged image showing interactions Spry2 with the
ankyrin repeat of zDHHC17. (C) Schematic diagram showing positions of residues
mutated to alanine in hSpry2: L43, 146, P154, Y176, T298, V299, & C300A. Spry2
zDABM (IIRVQP) is indicated; SPR, Sprouty domain also referred to as CRD
(Cysteine-rich domain). All constructs used have EGFP tags appended at the N
terminus. (D) HEK-293T cells were co-transfected with plasmids encoding for either
EGFP-tagged hSpry2 WT (1) or EGFP-tagged hSpry2 mutant constructs: 2 - P154A,
3 - Y176A, 4 - T298/V299/C300A, 5 - L43/146A or 6 - P154/Y176A; alongside HA-
zDHHC17. (E) HEK-293T cells were co-transfected with plasmids encoding for either
EGFP-tagged hSpry2 WT (1) or EGFP-tagged hSpry2 mutant constructs:
7 - P154/T298/V299/C300A, 8 - Y176/T298/V299/C300A, 9 - P154/Y176A/T298/
V299/C300A, 10 - L43/146/P154A, 11 - L43/146/Y176A; alongside HA-zDHHC17. (F)
HEK-293T cells were co-transfected with plasmids encoding for either EGFP-tagged
hSpry2 WT (1) or EGFP-tagged hSpry2 mutant constructs: 12 - L43/146/P154/Y176A,
13 - L43/146/T298/V299/C300A, 14 - L43/146/P154/T298/V299/C300A, 15 - L43/146/
Y176/T298/V299/C300A, 16 - L43/146/P154/Y176/T298/V299/C300A ; alongside HA-
zDHHC17. Cells were incubated with 100 uM palmitic acid azide (C16:0-azide) for 4
h and labelled proteins reacted with alkyne (AK) IRdye-800 nm. Representative
images showing Spry S-acylation (top; AK-IR800) and EGFP-tagged Spry levels
(middle; IR680) detected on the same immunoblot. For zDHHC17, HA (bottom;
IR680) was revealed for the same samples on a different immunoblot. The positions
of the molecular weight markers (kDa) are shown on the left side of all immunoblots.
(G) Table of human Spry2 mutant constructs. (H) Graph showing the mean intensity
values of Spry S-acylation relative to substrate expression (AK800/EGFP680) and
normalised to the highest value on each blot. (I) Graph showing the mean fold change
between Spry2 mutant constructs and Spry2 WT (1). Error bars represent £+ SEM;
each replicate is shown with filled circles. Differences were analysed by ordinary one-
way ANOVA with a Dunnett’'s multiple comparison test against WT Spry2. **** denotes
p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05, (n = 6, for three independent
experiments).
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3.6 AlphaFold modelling predicts that full length zDHHC17 can interact
with Spry2

Initial modelling of Spry2 and zDHHC17 shown in figure 3.5 was based on the ankyrin
repeat domain. However, modelling of the full length Spry2-zDHHC17 complex was
subsequently achieved (figure 3.6). Overall, the full-length model has differences to
that of the Spry2-zDHHC17 Ank model (figure 3.5). Notably the previously
investigated residues Y176 and T298/V299/C300 in the full-length Spry2-zDHHC17
model are no longer predicted to interact with any part of zZDHHC17 (figure 3.5).

In agreement with the previous model (figure 3.5) and consistent with previously
published X-ray crystallography data (Verardi et al., 2017), residue P154 and the
wider zDABM region of Spry2 (IIRVQP) is predicted to interact within the ankyrin
repeat domain of zDHHC17 (fig 3.6 C). Specifically, the zDABM region is predicted to
interact with or be close to residues N100 and W130, which are the two major
interacting residues identified to bind to the zZDABM region of SNAP25 (Verardi et al.,
2017). Another notable region protein of interest is the catalytic DHHC domain of
zDHHC17. Cysteine residues C201 and C205 of Spry2 (which are within the SPR
domain) are suggested in this model to interact and/or be spatial close to this catalytic
domain (figure 3.6 B). However, it should be noted that published research has shown
experimentally that alanine mutagenesis of C201/C205/C207 does not reduce the S-
acylation of Spry2 by zDHHC17 (Locatelli et al., 2020).
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zDHHC17

DHHC region of zDHHC17 showing a predicted
proximity to cysteine residues of Spry2 (C201/205)

zDABM region of Spry2 showing the proximity of Spry2 residues IIRVQP154 & zDHHC17 N100/W130

Figure 5.6. AlphaFold modelling of full length Spry2-zDHHC17 interaction.
(A) Protein structure predictions of protein Sprouty homolog 2 — UniProt: 043597
(SPY2_HUMAN) interacting with palmitoyltransferase ZDHHC17 — UniProt: Q8IUH5
(ZDH17_HUMAN). Protein complex prediction modelled using Google Colab’s
AlphaFold-Multimer notebook (Evans et al., 2022) based on AlphaFold by DeepMind
and EMBL-EBI (Jumper et al., 2021, Varadi et al., 2022). zZDHHC17 protein chain is
shown in green and Spry2 protein chain is shown in orange. (B) Enlarged image
showing interactions of the DHHC region of zDHHC17, including interactions with
cysteines C201/C205 of Spry2. (C) Enlarged image showing interactions of the
zDABM region of Spry2 (IIVRQP-154), including proximity or interactions with
residues N100 and W130 of zDHHC17.
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3.7 Chimeric constructs of Spry2 and SPRED1 were not S-acylated by
zDHHC17

Results in figure 3.3 showed that SPRED1 and SPRED2 were not effectively S-
acylated by zDHHC17. Despite the homology of SPRED1 to Spry2, there are notable
differences which could potentially account for the observed differences in S-acylation
efficiency by zDHHC17. Specifically: (i) SPRED1 contains an N-terminal EVH1
domain, (ii) The amino acid sequence between the zDABM and the CRD of SPRED1
is different to that of Spry2, and (iii) Spry2 contains an additional C-terminal region.
To examine the impact of these sequence differences, three chimeric mutant
constructs of SPRED1 were created to increase similarity with Spry2. These
constructs included the removal of the N-terminal SPRED1 EVH1 domain (No EVH1),
replacement of the amino acid sequence between the zDABM and CRD of SPRED1
with the corresponding region of Spry2 ((+) 155-176), and addition of the C-terminal
sequence from Spry2 onto SPRED1 ((+) 291-315). These mutants are shown

schematically in figure 3.7 A.

HEK-293T cells were co-transfected with either HA-zDHHC17, HA-zDHHC7 (positive
control), or pEF-BOS-HA (negative control), together with either EGFP-tagged
SPRED1 WT, or the chimeric constructs shown in figure 3.1 A. Cells were then
incubated with C16:0-azide for 4 hours and cell lysates processed for click chemistry
detection of S-acylation. Mean (+ SEM) intensity values for the S-acylated band
relative to the protein level (AK800/IR680) were then normalised to the respective
negative control which was set at 1.00 AU. For zDHHC17, there was no significant
difference in mean intensity values for SPRED1 WT or any chimeric SPRED1 mutants
relative to the negative controls (Figure 3.7 B and C). In contrast, zDHHC7 co-
expression, led to a significant increase in S-acylation for both wild-type and all mutant
SPRED1 proteins (Figure 3.7 B and C).
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Figure 3.7. S-acylation of SPRED1 chimeric mutants by zDHHC17 and zDHHC?7.
(A) Schematic representation of the SPRED1-Spry2 chimeric mutant constructs.
EVH1; Ena/VASP (Enabled/vasodilator-stimulated phosphoprotein) homology 1
domain - also known as, WH1; WASP (Wiskott-Aldrich syndrome protein) homology
1 domain. QP; amino acids GIn and Pro of the zZDABM. SPR; Sprouty domain — also
designated as, CRD; cysteine-rich domain. (B) HEK-293T cells were transfected with
plasmids encoding EGFP-tagged SPRED1 WT, SPRED 1 No EVH1, SPRED1 (+)
1565-176, and SPRED1 (+) 291-315, together with HA-zDHHC17, HA-zDHHC7 or
PEF-BOS negative control plasmid (as “C” in the figure). Cells were incubated with
100 uM palmitic acid azide (C16:0-azide) for 4 h and labelled proteins reacted with
alkyne (AK) IRdye-800 nm. Representative images showing SPRED1 S-acylation
(top; AK-IR800) and EGFP-tagged SPRED1 levels (middle; IR680) detected on the
same immunoblot. For zDHHC17/zDHHC7, HA (bottom; IR680) was revealed for the
same samples on a different immunoblot. The positions of the molecular weight
markers (kDa) are shown on the left side of all immunoblots. (C) Graph showing the
mean fold change between SPRED1 S-acylation in the presence and absence of
zDHHC17 or zDHHCY. Error bars represent + SEM; each replicate is shown with filled
circles. Statistical significance was analysed using a one-way ANOVA with a Tukey’s
multiple comparisons test, *p < 0.05, non-significant differences where P > 0.05, are

denoted — ns. (n = 9, for three independent experiments).
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3.8 zDHHC17 can be co-immunoprecipitated by Spry1, 2, 3, 4, and SPRED3

Similar to zDHHC17, zDHHC3 and zDHHC7 are also localised to the Golgi apparatus
and are able to S-acylate proteins (Lemonidis et al., 2014). However, zDHHC3 and
zDHHCY have been shown to have high activity for their substrates, such as SNAP25
or CSP; but typically have low specificity or weak protein-protein interaction for
substrates. Whereas zDHHC17 has been shown to have less S-acylation activity but
more specificity for substrates (Lemonidis et al., 2014). For instance, SNAP25 is
dependent on its binding to zDHHC17, without which S-acylation cannot occur
(Verardi et al., 2017, Butler et al., 2023). Knowing that SPRED3 and each of the Spry
proteins (1, 2, 3, & 4) can be effectively S-acylated by zDHHC17 it was next prevalent

to check how well they can bind/interact with the enzyme.

HEK-293T cells were co-transfected with either EGFP-tagged Spry1, Spry2, Spry3,
Spry4, SPRED3, SNAP25 (positive control), or EGFP alone (negative control),
alongside HA-zDHHC17 WT. Cell lysates were incubated for 1 hour with GFP-Trap®
agarose immunoprecipitation beads, washed twice in PBS to remove
unbound/excess lysate. Precipitates were eluted to release captured EGFP tagged
proteins and any co-immunoprecipitated binding partners (i.e., zZDHHC17). Eluted

proteins were then resolved by SDS-PAGE and analysed by immunoblotting.

From figure 3.8 it can be seen that all transfected Spry/SPRED proteins were able to
interact with and successfully co-immunoprecipitate zDHHC17 WT, above that of the
EGFP negative control (figure 3.8 B). Spry1, 2, 3, and SNAP25 exhibited the highest
mean levels of immunoprecipitated zDHHC17, with Spry4 and SPRED3 showing the
lowest levels. When compared to Spry2 in an unpaired t-test, both Spry4 and
SPRED3 had significantly lower levels of binding (figure 3.8 B). Spry1, Spry3, and
SNAP25 binding was not significantly different to Spry2.
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Figure 3.8. Co-immunoprecipitation of zDHHC17 by Spry1, 2, 3, 4, and SPRED3.
(A) HEK-293T cells were co-transfected with HA-tagged zDHHC17 WT along with
plasmids encoding for EGFP-tagged Spry1 WT, Spry2 WT, Spry3 WT, Spry4 WT,
SPRED3 WT, SNAP25, or EGFP alone (as a negative control). Cell lysates were
incubated with agarose beads conjugated to an EGFP antibody and co-
immunoprecipitated proteins were analysed by immunoblotting. Representative
images showing HA-tagged zDHHC17 (top; IR680) and EGFP-tagged substrate
(middle; IR800) detected in input and co-immunoprecipitated samples on the same
immunoblot. A total protein stain (TPS) is also shown (bottom panel; IR680). The
positions of the molecular weight markers (kDa) are shown on the left side of all
immunoblots. (B) Graph showing the mean value of co-immunoprecipitated zDHHC17
after normalisation to the highest value for each immunoblot. Error bars represent
SEM; each replicate is shown with filled circles. Differences were analysed by
unpaired t test between each substrate protein. **** denotes p < 0.0001, *** denotes
p < 0.001, ** denotes p < 0.01, * denotes p < 0.05. n = 3, for three independent
experiments. All values were significant above the EGFP controls.

3.9 SPRED1 and SPRED2 can interact with zDHHC17, and the interaction is
reduced but not ablated by zDABM mutations

The results from figures 3.2, 3.4, and 3.8, indicated that SPRED3 (and the Spry
proteins) can effectively bind to and be S-acylated by zDHHC17. In contrast, SPRED1
and SPRED2 were not S-acylated by zDHHC17, even though both proteins do still
contain a zDABM (Figure 3.3). To determine if the lack of S-acylation by zZDHHC17 is
due to an ability of SPRED1/2 to interact with zDHHC17, co-immunoprecipitation
assays were performed (alongside Spry2 for comparison/control). In keeping with
figure 3.3, plasmids encoding EGFP-tagged Spry2 WT, Spry2 P154A, SPRED1 WT,
SPRED1 P316A, SPRED2 WT, SPRED2 P284A, or EGFP alone (negative control)
were used, alongside HA-zDHHA17 (a catalytically inactive form of zDHHC17).

Figure 3.9 shows that the WT forms of SPRED1, SPRED2, and Spry2 can effectively
co-immunoprecipitate zDHHC17. SPRED1 WT showed the highest intensity of
zDHHC17 co-immunoprecipitation and SPRED2 WT had a similar interaction with
zDHHCA17 as that of Spry2 WT. In contrast, all proline mutant constructs exhibited an
~ 30-40% reduction in zDHHC17 co-immunoprecipitation when compared to their
respective WT proteins. Although binding was reduced for all proline mutants, it was
still significantly higher than the EGFP negative control.
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Figure 3.9. Co-immunoprecipitation of zDHHC17 by SPRED1 and SPRED2.
(A) HEK-293T cells were co-transfected with HA-tagged zDHHA17 WT along with
plasmids encoding for EGFP-tagged Spry2 WT, Spry2 P154A, SPRED1 WT, SPRED1
P316A, SPRED2 WT, SPRED2 P284A, or EGFP alone (negative control). Cell lysates
were incubated with agarose beads conjugated to an EGFP antibody and co-
immunoprecipitated proteins were analysed by immunoblotting. Representative
images showing HA-tagged zDHHC17 (top; IR680) and EGFP-tagged substrate
(middle; IR800) detected in input and co-immunoprecipitated samples on the same
immunoblot. A total protein stain (TPS) is also shown (bottom panel; IR680). The
positions of the molecular weight markers (kDa) are shown on the left side of all
immunoblots. (B) Graph showing the mean value of co-immunoprecipitated zDHHC17
after normalisation to the highest value for each immunoblot. Error bars represent
SEM; each replicate is shown with filled circles. Differences were analysed by
unpaired t test between each substrate protein. *** denotes p < 0.001, ** denotes p <
0.01. n = 3, for three independent experiments. All values were significant above the
EGFP controls.

3.10 Time-course of FGF-stimulated ERK phosphorylation in the absence or

presence of Spry2 over-expression

Having examined the S-acylation and binding of Spry and SPRED proteins to
zDHHCA17, the impact of S-acylation on protein function was examined, focusing on
Spry2. The MAPK/ERK signalling pathway is a common therapeutic target for treating
cancer progression (Kim and Choi, 2010). Spry and SPRED proteins are known
regulators of the MAPK/ERK growth factor signalling pathway (Kawazoe and
Taniguchi, 2019). In particular, Spry2 has been described as an antagonist of the
fibroblast growth factor (FGF) signalling pathway (Hacohen et al., 1998). To test if
Spry2 could inhibit this pathway in HEK-293T cells, a time course assay of FGF-
stimulated activated/phosphorylated ERK expression was conducted. It was hoped
that any effect of overexpressed Spry2 in this assay would allow the functional effects

of Spry2 S-acylation to be examined though analysis of relevant cysteine mutants.

HEK-293T cells were transfected with EGFP-Spry2 or EGFP-alone, and serum
starved before being subsequently treated with FGF for either 0, 2.5, 5, 10, 20, 40, or
80 minutes. Expression of phosphorylated ERK1/2 (p-ERK) was analysed relative to

the expression of total ERK. The experiments shown in figure 3.10 reveal that the
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phosphorylation of ERK1/2 increased from 2.5 minutes up to 20 minutes. After this
time, the phosphorylation level of ERK1/2 decreased over time but at a slower and
steadier rate than initial increase. When comparing the phosphorylation of ERK1/2 in
the presence and absence of Spry2 overexpression, no significant difference was

observed at any time point (Figure 3.10 C).
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Figure 3.10. FGF-stimulated time-course of p-ERK expression in the presence
and absence of either EGFP or Spry2. (A/B) Representative western blot showing
the expression of FGF-stimulated p-ERK at time-points: 0, 2.5, 5, 10, 20, 40, and 80
minutes (first panel; IR800); with each sample’s respective t-ERK expression shown
(second panel; IR680). Expression/presence of either EGFP (A) or Spry2-EGFP (B)
are also shown (third panel; IR800). The total protein stain (TPS) is shown for each
representative blot (fourth panel; IR680). The position of molecular weight markers
(kDa) is shown on the left of each panel. (C) Quantified data showing the mean (+
SEM) of p-ERK (IR800) intensity value divided by the corresponding intensity value
for t-ERK in each sample/lane (p-ERK/-ERK). Statistical significance for p-ERK
expression between EGFP and Spry2 at each time point, was analysed using multiple
unpaired t-tests correcting for multiple comparisons using the Holm-Sidak method. n
= 6, for three independent experiments. No significance was determined and as such
is not indicated.
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3.11  Effects of Spry2 wild-type and S-acylation mutants on growth factor

signalling

Previous research showed that S-acylation is essential for both plasma membrane
targeting and stability of Spry2 (Locatelli et al, 2020). However, no evidence was
presented regarding the effects of S-acylation on Spry2 function. The study by
Locatelli et al. (2020) identified two S-acylation deficient mutants of Spry2: C265/268A
(DM) and N211/D214/K223A (NDK). The DM mutant contains two alanine
substitutions at cysteine residues that were shown to be modified by zDHHC17,
whereas the NDK mutations disrupt S-acylation of Spry2 by both zDHHC17 and
zDHHCY. In the following experiments, the NDK mutation was combined with
mutation of the main zDHHC17 recognition site (P154A).

To investigate if S-acylation is critical for the action of Spry2 on the MAPK pathway,
HEK-293T cells were transfected with either Spry2 WT, Spry2 DM, or Spry2 PNDK
(combined NDK and P154A mutations) and subsequently stimulated with either EGF
or FGF for 10 minutes. Activation of the MAPK pathway was monitored via the
phosphorylation of ERK1/2 (p-ERK).

Figures 3.11 shows that cells transfected with either Spry2 WT, DM, or PNDK
displayed a significant decrease in p-ERK expression in the absence of growth factor
stimulation when compared to the unstimulated control. In contrast, cells transfected
with the Spry2 constructs showed no significant difference in p-ERK compared to the
control when activated with either EGF or FGF. When looking at the general effect of
growth factors on p-ERK expression, all stimulated samples showed a significant

increase when compared to unstimulated samples (significance not shown on graph).
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Figure 3.11. FGF and EGF stimulated p-ERK expression in the presence and
absence of Spry2 S-acylation deficient mutants. (A-D) Representative western
blots showing the expression of p-ERK in HEK-293T cells (first panel; IR800). After
stimulation with EGF (A/C) or FGF (B/D); in the presence of either Spry2 WT (A-D),
Spry2 DM (A/B) or Spry2 PNDK (C/D). For each sample the respective t-ERK signal
is shown (second panel; IR680). Expression levels of EGFP-Spry2 are shown for each
sample (third panel; IR800). The total protein stain (TPS) is shown for each
representative blot (fourth panel; IR680). The position of molecular weight markers
(kDa) is shown on the left of each panel. (E-l) Quantified data showing the mean (£
SEM) of p-ERK (IR800) intensity value divided by the corresponding intensity value
for t-ERK in each sample (p-ERK/t-ERK). (E) EGF/DM, n = 4-6 for three independent
experiments; (F) FGF/DM, n = 6 for three independent experiments; (G) EGF/PNDK,
n = 3-4 for two independent experiments; (H) FGF/PNDK, n = 4 for two independent
experiments; (I) Unstimulated data from all experiments, over the three independent
experiments, where n = 8-20, for control (-), WT, PNDK and DM, respectively.
Statistical significance for a difference in p-ERK expression compared to control was
analysed using a one-way ANOVA with a Tukey’s multiple comparisons test; with
unstimulated and stimulated groups tested independently. Significance where *

denotes P < 0.05 and P > 0.05 is denoted as ns = non-significant.
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3.12 zDHHC17 and zDHHC7 do not significantly alter p-ERK expression

The results above showed that over-expression of Spry2 and mutants did not affect
growth factor signalling. As an alternative approach to examining the possible role of
S-acylation on growth factor signalling, the effects of zDHHC7/17 co-expression with

Spry2 on FGF-stimulated p-ERK expression was investigated.

HEK-293T cells were co-transfected with either EGFP-tagged Spry2 or EGFP alone,
alongside HA-tagged zDHHC17, zDHHC7, or pEF-BOS-HA as a control. Cells were
serum starved and stimulated with FGF for 10 minutes, lysed and analysed by
immunoblotting (figure 3.12). In contrast to the results in figure 3.11, the level of p-
ERK1/2 in the presence of Spry2 over-expression was not significantly different from
control. Furthermore, there was no significant difference in p-ERK between any of the

unstimulated samples.

For samples stimulated with FGF, there was also no significant difference for any
combination of conditions. When looking at the general effect of growth factors on p-
ERK expression, all stimulated samples showed a significant increase when

compared to unstimulated samples (significance not shown on graph).
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Figure 3.12. FGF-stimulated p-ERK expression following over-expression of
Spry2 with zDHHC17 or zDHHCY. (A) Representative western blots showing the
expression of p-ERK in HEK-293T cells with or without FGF stimulation (First panel,

IR800). For each sample the respective total ERK1/2 signal is shown (Second panel;
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IR680). Cells were either transfected with EGFP or EGFP-Spry2 WT (Third panel;
IR800) together with either pEF-BOS-HA (negative control - P), zDHHC17, or
zDHHC7 (Fourth panel; IR680). The total protein stain (TPS) is shown for each
representative blot (fifth panel; IR680). The position of molecular weight markers
(kDa) is shown on the left of each panel. (B) Quantified data showing the mean (+
SEM) of p-ERK (IR800) intensity value divided by the corresponding intensity value
for total ERK1/2 in each sample (p-ERK/ERK1/2). n = 6 from three independent
experiments. Statistical significance for a difference in p-ERK expression compared
to control (pEF) was analysed using a one-way ANOVA with a Tukey’s multiple
comparisons test, with unstimulated and stimulated groups tested independently.

Non-significance where P > 0.05 is denoted as ns.

3.13 Spry2 has a reciprocal stabilisation effect on zDHHC17

zDHHC17 was previously shown using cycloheximide chase assays to stabilise the
expression of Spry2 (Locatelli et al., 2020). The clear effect exhibited upon Spry2
expression brought into question if this relationship was bi-directional. To explore if
Spry2 also has an effect on zDHHC17 stability, HEK-293T cells were co-transfected
with HA-tagged zDHHC17 and either EGFP-tagged Spry2 WT, Spry2 P154A, or
EGFP (figure 3.13). The P154A mutation of Spry2 was used to establish if any effect
on zDHHC17 expression was due to an interaction with the previously characterised
zDABM motif of Spry2 (Lemonidis et al., 2015a). EGFP was used in this experiment
as a control for basal zDHHC17 turnover. Transfected cells were treated with
cycloheximide to block protein synthesis for up to 8 hours. Protein expression values
at each hour of cycloheximide treatment were expressed relative to the respective 0-
hour sample. After 8 hours treatment with cycloheximide, there was a significant
difference in the expression of zDHHC17, when co-transfected with EGFP alone
(figure 3.13 C), compared to Spry2 WT co-transfected cells (figure 3.13 A). For EGFP,
the significant reduction in zDHHC17 expression was also observed in 4- and 6-hour
samples (figure 3.13 D). The Spry2 P154A mutant (figure 3.13 B) did not show any
significant effect/difference on zDHHC17 expression compared with WT Spry2. The
quantified data is presented in figure 3.13 D.
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Figure 3.13. Expression of zDHHC17 in the presence of Spry2 WT, Spry2 P154A,
and EGFP. (A-C) Western blot showing the expression of HA-zDHHC17 over 8 hours
following addition of cycloheximide (top panel; IR680) when co-expressed with either
Spry2 WT (A), Spry2 P154A (B), or EGFP (C) (middle panel; IR800). The total protein
stain (TPS) is shown for each representative blot (bottom panel; IR680). The position
of molecular weight markers (kDa) is shown on the left of each panel. (D) Quantified
data showing the mean (+ SEM) of zDHHC17-HA (IR680) intensity value divided by
the corresponding intensity value of the TPS in each sample/lane (HA/TPS).
Statistical significance was analysed using a two-way ANOVA with Tukey’s multiple
comparisons test. n = 6, for three independent experiments. Compared to zDHHC17
expression in the presence of Spry2 WT, a significant difference in zDHHC17
expression is denoted by *** P < 0.001 or **** P < 0.0001, on figure 3.13 D.
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3.14 The enhanced stabilisation of zZDHHC17 is unique to Spry2 and is
abrogated by the tripeptide NDK mutation

Spry and SPRED proteins have a highly conserved homology with Spry2 through the
SPR domain and are known to possess similar physiological functions (Masoumi-
Moghaddam et al., 2014b). Results from figure 3.13 in combination with previously
published data (Locatelli et al., 2020), show that Spry2 WT and zDHHC17 have a
reciprocal stabilisation effect on each other but it is unclear if this novel effect is
specific to the Spry2 protein. As the greatest difference in zDHHC17 expression
observed in figure 3.13 was at 8 hours, cycloheximide chase assays were conducted
on other Spry/SPRED proteins comparing 0- and 8-hour time points.

In figure 3.14 A/B, HEK-293T cells were co-transfected with HA- tagged zDHHC17
and either EGFP-tagged Spry2 WT, Spry2 C265/268A (DM), P154/N211/D214/K223A
(PNDK), SPRED1, SPRED2, SPRED3, or EGFP alone. In figure 3.14 C/D, HEK-293T
cells were co-transfected with HA-tagged zDHHC17 and either EGFP-tagged Spry1
WT, Spry2 WT, Spry3 WT, Spry4 WT, or EGFP alone. EGFP alone was used in this
experiment as a control for basal zZDHHC17 turnover. 24-hours post-transfection, cells
were treated with cycloheximide for either O0- or 8- hours, lysed and analysed by
immunoblotting. In each independent experiment, values at 8-hours were expressed
relative to the respective 0-hour sample. In figure 3.14 A/B, it can be seen that for all
SPRED proteins there was a significant reduction in zDHHC17 expression with no
significant difference to that of the EGFP control. This lack of effect on zDHHC17
expression was also seen for Spry1, Spry3, and Spry4 (figure 3.14 C/D). For all
experiments in figure 3.14, and in agreement with figure 3.13, Spry2 WT showed a
significant stabilisation of zDHHC17 expression compared with the EGFP control.

As Spry2 appears to play a specific role in zZDHHC17 stabilisation, two other mutations
of Spry2 (previously categorised by Carolina Locatelli) were also tested - Spry2
C265/268A (DM) and Spry2 N211A/D214A/K223A (NDK). Both of these mutations
have previously been shown to have a detrimental effect on Spry2 S-acylation by
zDHHC17 (Locatelli et al., 2020). For this experiment it should be noted that the Spry2
P154A/N211A/D214A/K223A (PNDK) mutant was used, but the P154A mutation was
previously shown to have no effect on Spry2 stabilisation of zZDHHC17 (Figure 3.13
B). The Spry2 DM showed no significant reduction in zDHHC17 expression when
compared to Spry2 WT. However, when co-expressed with the Spry2 PNDK mutant
there was a significant reduction in zDHHC17 expression following cycloheximide
treatment, compared to zDHHC17 expressed with Spry2 WT (Figure 3.14 A/B). The
PNDK mutation reduced zDHHC17 expression to a similar level as the EGFP control.
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Figure 3.14. Expression of zDHHC17 in the presence of Spry/SPRED proteins.
(A) Western blot showing the expression of HA-tagged zDHHC17 after 8 hours (top;
IR680) with EGFP-tagged Spry2 WT, Spry2 C265/268A (DM), Spry2 P154A w/
N211A/D214A/K223A (PNDK), SPRED1, SPRED?2, SPRED2, or EGFP control
(middle; IR800). The total protein stain (TPS) is shown for each representative blot
(bottom; IR680). The position of molecular weight markers (kDa) is shown on the left
of each panel. (B) Quantified data showing the mean (+ SEM) of HA-zDHHC17
(IR680) intensity value divided by the corresponding intensity value of the TPS in each
sample/lane (HA/TPS). Each condition was compared to EGFP or Spry2 WT at 8
hours cycloheximide treatment and statistical significance was analysed using an
unpaired t-tests. n = 4, for two independent experiments. A significant difference in

zDHHC17 expression is denoted by * for P < 0.05 and ns, denotes non-significant.
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Error bars represent + SEM; each replicate is shown with filled circles. (C) Western
blot showing the expression of HA-tagged zDHHC17 after 8 hours cycloheximide
treatment (top; IR680) with EGFP-tagged Spry1 WT, Spry2 WT, Spry3 WT, Spry4
WT, or EGFP control (middle; IR800). The total protein stain (TPS) is shown for each
representative blot (bottom; IR680). The position of molecular weight markers (kDa)
is shown on the left of each panel. (B) Quantified data showing the mean (x SEM) of
HA-zDHHC17 (IR680) intensity value divided by the corresponding intensity value of
the TPS in each sample/lane (HA/TPS). Each condition was compared to EGFP at 8
hours and statistical significance was analysed using an unpaired t-tests. n = 6, for
three independent experiments. A significant difference in zDHHC17 expression is
denoted by ** for P < 0.01. Error bars represent + SEM; each replicate is shown with

filled circles.
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3.15 Interactions between residues in the NDK region of Spry2

The stabilisation effect on zDHHC17 was shown in the figure above (figure 3.14) to
be specific to Spry2 and was abrogated by the PNDK mutation. Although the SPR
domain is highly conserved between Spry and SPRED proteins, bioinformatic
analysis using the UniProt alignment tool reveals that residues N211/D214/K223
(NDK) within Spry2 are not fully conserved with other members of the Spry/SPRED
family (figure 3.15 A). This information is furthered using the AlphaFold protein
structure database and the RCSB PDB viewer for further analysis of Spry2 shown in
figure 3.15, which reveals that residues Q210, D214 and K223 are predicted to
interact (with N211 closely associated). This interaction occurs at a bend in the
secondary structure of Spry2, bridging two alpha helices on either side of residues
C265/268 (the cysteine residues shown to be functionally S-acylated by zDHHC17).
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Figure 3.15. Bioinformatic analysis of the NDK region of Spry2. (A) Protein
sequence alignment of Spry/SPRED proteins showing the region containing and
surrounding residues N211/D214/K223 (NDK) of Spry2. Generated using the align
tool from UniProt (Consortium, 2022). (B) Protein structure predictions of Sprouty-2
protein; 043597 (SPY2_HUMAN) from the AlphaFold protein structure Database
developed by DeepMind and EMBL-EBI (Jumper et al., 2021, Varadi et al., 2022).
Main chain is shown in blue with residues Q210, N211, D214, & K223 indicated.
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Discussion

Understanding how proteins are expressed, modified, interact, and localise to
regulate cell function is fundamental to developing novel ways to treat disease. S-
acylation has been shown to be a critical PTM capable of influencing protein function
and localisation (Chamberlain and Shipston, 2015, Locatelli et al., 2020).
Spry/SPRED proteins are atypical compared to other characterised substrates of
zDHHC17 as their S-acylation by this enzyme does not require zDABM sequences.
Based on the current literature and the understanding of zZDHHC enzymes and the S-
acylation of proteins, the S-acylation of Spry2 was predicted to be essential for either
its: interactions, stability, localisation, and/or regulation of signalling pathways.
Understanding how Spry/SPRED proteins interact, why they are S-acylated and what
effects this PTM has on function represents the first step in unlocking the potential
targeting of Spry/SPRED S-acylation for the therapeutic treatment of dysregulation

during oncogenesis.

Interactions and S-acylation of Spry and SPRED proteins with zZDHHC17 WT

The results within this chapter reveal a novel mechanism of interaction and S-
acylation for Spry/SPRED proteins with zDHHC17. In contrast to previous analysis of
SNAP25-zDHHC17 interaction and S-acylation (Lemonidis et al., 2015a, Greaves et
al., 2009, Butler et al., 2023) the results of this chapter show that a simple zDABM
interaction followed by substrate S-acylation model does not fit for Spry/SPRED
proteins. All Spry proteins were shown to interact with and be S-acylated by
zDHHC17. However, for the SPRED family, only SPRED3 was found to be a substrate
of zDHHC17 despite this isoform lacking a zDABM motif. Interestingly, neither
SPRED1 nor SPRED2 were modified by zZDHHC17, despite these isoforms containing
zDABMs. SPREDS3 S-acylation by zZDHHC17 was previously reported but interestingly
the same study suggested that SPRED1 was modified by the same enzyme (Butland
et al., 2014). However, this study found an 8-fold increase in SPRED3 S-acylation by
zDHHCA17 but only a 1.3-fold increase in SPRED1 S-acylation. Therefore, the results
of this work and the work of Butland are broadly in agreement. Butland and colleagues
purified the proteins used in their click chemistry S-acylation assays, and the added
sensitivity of reducing background S-acylation may account for their effective

detection of low levels of SPRED1 S-acylation.
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To better understand why SPRED1 was a much poorer zDHHC17 substrate than
Spry2, chimeric mutants were generated. However, none of the SPRED1 chimeric
mutants investigated in figure 3.7 exhibited a significant gain in S-acylation by
zDHHC17 when they were modified to increase the similarity with Spry2. The EVH1
domain is absent in Spry2 but makes up 26% of the amino acid sequence of SPRED1
(UniProtKB: Q72699). This sizable domain has its own interactions and very different
secondary structure to the remainder of SPRED1 (Veltman and Insall, 2010). This led
us to wonder if the EVH1 domain could have been obstructing or hindering SPRED1
binding and/or S-acylation. For the second construct (SPRED1 + 155-176), previous
evidence has shown that the distance between the zDABM of SNAP25 and its S-
acylated cysteines is important for modification by zDHHC17 (Salaun et al., 2020a).
For SPRED1 this molecular spacer is both shorter and different in composition to that
of Spry2 and so was substituted for the corresponding region of Spry2 (+ 155-176) —
however this also had no significant effect on S-acylation by zDHHC17. The third
mutant introduced a C-terminal sequence unique to Spry2 (+ 291-315), into SPRED3.
This region of Spry2 has been shown to be functionally relevant and also contains a
unique proline motif (VPTVP) involved in ITSN1 and GRB2 binding as part of the
MAPK signalling pathway (Okur et al., 2012). The addition of this domain to SPRED1
also did not promote S-acylation by zDHHC17 (figure 3.7).

The development of AlphaFold protein structure prediction software developed by
DeepMind and EMBL-EBI has been a major breakthrough in computational biology
(Jumper et al., 2021; Varadi et al., 2022). Utilising Google Colab’s AlphaFold-Multimer
notebook (Evans et al., 2022), which is based on AlphaFold by DeepMind and EMBL-
EBI (Jumper et al., 2021; Varadi et al., 2022), mutant constructs of Spry2 were able
to be created and tested for interaction with the AR of zDHHC17. The results revealed
that no single residue mutation on Spry2 was sufficient to completely reduce S-
acylation by zDHHC17. The greatest fold change in S-acylation was observed for
mutant construct 16 (L43/146/P154/Y176/T298/V299/C300A) in figure 3.5 |, however
this construct contained the most amino acid substitutions overall. Although
significantly different to Spry2 WT, S-acylation of construct 16 was less than 40%
different and did not show a complete loss of S-acylation. The compounding effect of
multiple residue mutations (i.e., for construct 16 there are seven residue mutations),
could adversely affect the overall structure of Spry2 and potentially account for

observed loss of S-acylation by zDHHC17.
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Alongside this information, results in figure 3.6 revealed that a full-length complex
between zDHHC17 and Spry2 did not generate the same predicted interactions to
that of Spry and zDHHC17-Ank. AlphaFold is a major resource for researchers in this
field and in future years will only increase in accuracy. However, it is necessary to
acknowledge that limitations to the resource do currently exist. The highest degree of
accuracy in models exists for monomeric predictions such as those described in figure
3.15 but is far less reliable for multimer complexes. Also, due to factors such as low
database homology or computational demands, AlphaFold modelling is less reliable
for intrinsically disordered proteins, synthetic proteins, mutational analysis, proteins
with multiple/variable conformations (i.e., translocated proteins), or protein influenced
by co-factors or post-translational modifications (i.e., phosphorylation) (Bagdonas et
al., 2021, EMBL-EBI, 2022)

The inhibitory effect of Spry2 on p-ERK expression is unaffected by S-acylation-

deficient mutations or by over-expression of zDHHC17/7

In figure 3.11, the p-ERK expression in unstimulated samples was reduced by Spry2.
This is consistent with all known information about Spry/SPRED proteins, as they
have been shown to be regulators of the MAPK growth factor signalling pathway
(Kawazoe and Taniguchi, 2019). However, neither of the S-acylation deficient mutants
(DM and PNDK) identified by Locatelli et al., (2020) showed any difference to wild-
type Spry2 in this assay. Previous evidence has suggested that membrane
translocation and phosphorylation of Spry2 are essential for its inhibitory action
(Hanafusa et al., 2002), which is somewhat inconsistent with the results using the S-
acylation-deficient mutants. In addition to this, other sources have discussed the
necessity for S-acylation of the SPR domain of SPRED and Sprouty proteins for
membrane localisation after growth factor stimulation (Bundschu et al., 2006, Lim et
al., 2002). The S-acylation deficient mutants (NDK and DM) are described as
defective in their S-acylation by zDHHC17 (Locatelli, 2021). The DM showed no
change in S-acylation with zZDHHC7 and there was a reduction in the S-acylation of
the NDK mutant with zDHHC?7, but not a complete loss (Locatelli et al., 2020). The
greater specificity of these mutants to zDHHC17 may have no overall bearing on the
action of Spry2 towards MAPK signalling, as Spry2 may be sufficiently S-acylated at

a basal level to cause inhibition.

113



The results in figure 3.11. also showed that growth factor (EGF and FGF) enhanced
p-ERK expression in HEK-293T cells, as expected. However, none of the Spry2
proteins (WT, DM, or PNDK) tested affected this growth factor stimulated increase in
p-ERK expression (figure 3.11). Also, at no time point was there a significant change
in p-ERK expression in the presence of Spry2 (figure 3.10). It is possible that the
concentration of growth factors used in this study might overpower any minor effects
of Spry2 expression and it would be interesting to undertake concentration dose
response experiments of p-ERK expression in cells expressing Spry2 and the

mutants.

Further developing the work in figure 3.11, the expression of p-ERK in the presence
of both zDHHC17 and zDHHC7 was investigated (figure 3.12). It was hypothesised
that if the general S-acylation of Spry2 is a key factor in the inhibitory effect of Spry2
on the MAPK pathway then the overexpression of zZDHHC enzymes might increase
p-ERK inhibition. However, for all samples tested there was no significant difference
in p-ERK expression. This result suggests either that the original hypothesis is not
correct or that the approach used is not sufficient to uncover functional effects of Spry2
S-acylation. In future work, it may prove useful to focus on the effects of Spry2 on
other growth factor stimulated functions. Spry2 has been shown to be involved in
process of cellular motility and protrusions, such as the proteins role in inducing
membrane ruffling (Hanafusa et al., 2002). For instance, prolonged ERK signalling by
nerve growth factor induces neurite outgrowth and cellular differentiation of
neuroendocrine PC12 cells (Drubin et al., 1985). Spry2 has even been shown to
inhibit both FGF and NGF stimulated neurite outgrowth in PC12 cells (Yim et al.,
2015). Conversely in the same 2015 study, Spry2 was also shown to have a role in
the stimulation of neurite outgrowth after EGF stimulation. Similar to experiments
shown in 3.12, it would be important to investigate the role of S-acylation within this
regulation of neurite outgrowth. These experiments could be undertaken either by
inducing S-acylation through the stable transfection of zDHHC enzymes, analysis of
S-acylation deficient mutants of Spry2, or if possible, the development of zDHHC17
and/or Spry2 knock-down/knock-in models of PC12 cells. This could be achieved by
using either CRISPR Cas9 approaches or even by utilising si/shRNA knockdown
techniques (Marvaldi et al., 2015).
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Spry2 protein has a specific and reciprocal stabilisation effect on zDHHC17 which is

abrogated by the tripeptide NDK mutation

Throughout this project, increased zDHHC17 expression in the presence of Spry2
after immunoblotting has been observed. In figure 3.13 A, it was confirmed through a
cycloheximide chase assay that Spry2 WT can stabilise zZDHHC17. It also observed
in figure 3.13 B that the P154A mutation of Spry2 does not hinder zDHHC17
stabilisation. This result taken together with the result in figure 3.9, that the P154A
mutation significantly reduces but does not ablate zDHHC17 binding, further indicates
an alternative Spry2-zDHHC17 binding site/s coupled to S-acylation or stability. The
S-acylation of proteins is known to increase stability (Linder and Deschenes, 2007).
For example, in the case of the anthrax toxin receptor TEM8, S-acylation has been
shown to restrict TEM8 in non-lipid raft domains, which sequesters the protein from
undergoing Cbl mediate ubiquitination and degradation (Abrami et al., 2006).
However, there have been no previous reports of substrate proteins stabilising

zDHHC enzymes.

The effects of S-acylation deficient mutants (DM and PNDK) of Spry2, and other Spry
and SPRED proteins on zDHHC17 stability was also investigated. An interesting
aspect of this experiment is that none of the other Spry or SPRED proteins were able
to effectively stabilise zZDHHC17. For Spry2 mutants, the PNDK mutation significantly
reduced zDHHC17 expression whereas the DM cysteine mutant was similar to WT
Spry2. In previous experiments by Locatelli et al., (2020), it was shown that in the
presence of zDHHC17, the NDK mutation of Spry2 was more rapidly degraded than
Spry2 WT. This confirms part of the hypothesis that there is a dual/reciprocal
stabilisation action between Spry2 and zDHHC17 as in the presence of each other,
protein expression is enhanced and sustained. More specifically it is suggested that
NDK region of Spry2 is critical for aspects of a novel Spry-zDHHC17 interaction and

will be discussed further below.

The NDK region is comprised of residues N211/D214/K223 and is found within the
first half of the SPR domain (amino acids 177-291). Monomeric protein structure
prediction already reposited in the AlphaFold protein structure database (figure 3.15),
predicted that the SPR domain is comprised of two acutely angled alpha helices linked
by a disordered turn that cause them to run anti-parallel to each other (figure 3.15).
The NDK region lies at the vertex of the first alpha helix, where D214 and K223 are

predicted to interact. This region bridges across residues C265 and C268 which have
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previously been shown to be S-acylated by zZDHHC17 (Locatelli et al., 2020). Within
the first alpha helix, 3 out of the 4 polar residues are the NDK residues with the fourth
being Glutamine (Q210). All 4 of these residues very closely interact and appear at
locations which could be considered structurally critical. One or all of the polar
residues in this region may be structurally relevant to sustained SPR domain

conformation and/or presentation of S-acylated cysteine residues 265/258 in Spry2.

Alternatively, the NDK region could play a more direct role in zDHHC17
binding/stabilisation. The two alpha helices and the inwardly presenting disordered
turn create a space, which is surrounded largely by non-polar/hydrophobic residues
but has “hot spots” of potentially critical polar regions such as leucine or tryptophan -
this could be a prospective binding site for other proteins (Ma et al., 2003). Elsewhere
in Spry2, the phosphorylation of Y55 has been shown to be functionally relevant for
the inhibitory action of Spry2 on Grb2 in the MAPK pathway (Xu et al., 2018). The
NDK region itself may directly contribute to this binding space and actually interact
with zDHHC17, or the region could be crucial in supporting a nearby zDHHC17-Spry2
binding site. Given the reciprocal nature of this finding, the known complexity of action
that Spry2 has on other proteins, and the specificity of the effect between zDHHC17
and Spry2, this stabilisation is suggested to be independent of the Spry2-zDHHC17
interaction which facilitates Spry2 S-acylation. However, it is pertinent to mention that
without further investigation, the protein-protein stabilisation interaction may be still a
secondary consequence of any Spry2 S-acylation interaction. Further to this, it is
suggested that the Spry2 NDK mutation itself is not inherently a S-acylation deficient
mutant but is a structurally destructive mutation that is either directly or indirectly

disrupting both S-acylation and protein stabilisation.

A question of this chapter and of this interaction would be the physiological
relevance/physiological need of having a reciprocal stabilisation effect. Spry proteins
are known for being developmental proteins and have been implicated in regulating
the MAPK/ERK pathway (Masoumi-Moghaddam et al., 2014b). As discussed above,
they have also been shown to play a role in inhibiting neurite outgrowth in PC12 cells
(Lao et al., 2006). zDHHC17 on the other hand has been implicated not only at the
Golgi apparatus but also at the pre-synaptic cell membrane in trafficking of CSPa and
SNAP25 (Stowers and lIsacoff, 2007). An earlier study, has also suggested that
zDHHC17 promotes axon outgrowth and that both neural stem cells (NSCs) and

PC12 cells, exhibit limited neurite outgrowth and branching after the inhibition of

116



zDHHC17 (Shi et al., 2015). The same study even implicated zDHHC17 as an
upstream factor of ERK1/2 signalling, also in PC12 cells. The rational in this study, is
that zDHHC17 regulates the interaction between tropomyosin receptor kinase A
(TrkA) and actin during neuronal and axon development (Shi et al., 2015). These two
studies infer that both Spry2 and zDHHC17 have an action in the same processes but
cause different/opposite outcomes. Both zDHHC17 and Spry in the same cell type
have been implicated in neuronal growth, the MAPK/ERK pathway, cytoskeletal
association, and membrane translocation for function. Seeing as zDHHC17 may
promote ERK1/2 and neuronal development, and Spry2 may inhibit (or promote)
these processes. A neuronal type of environment like that of the pre-synaptic
membrane or cell types such as PC12 cells, may provide a more appropriate model
when investigating any functional interaction and/or role between Spry2 and
zDHHC17.
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Conclusions of chapter 3

o Spry1, Spry2, Spry3, Spry4, and SPRED3 can effectively interact with and be
S-acylated by zDHHC17 WT. Whereas although SPRED1/2 can interact, they
are not efficiently S-acylated by zDHHC17. Also, the S-acylation of SPRED1

cannot be enhanced by increasing homology with that of Spry2.

e Spry2 contains a secondary binding site coupled to S-acylation and/or
function, and the P154A mutant of Spry2 can interact with zZDHHC17 at a

reduced but still significant level.

e The P154A mutation does not affect the S-acylation of Spry2 by zDHHC17.
Nor does the mutation affect the stabilisation of zZDHHC, or the expression of
p-ERK.

e AlphaFold modelling of Spry2-zDHHC17 is a valuable tool of reference to
facilitate prediction and testing/validation of interactions, but it was shown to

lack reliability in this study.

e Spry2 was shown to elicit an inhibitory effect upon p-ERK expression under
unstimulated conditions with the S-acylation-deficient mutants displaying a
similar effect. However, Spry2 had no effect on growth factor induced p-ERK
activation. The co-expression of zDHHC17 and zDHHC?7 also did not alter the
expression of p-ERK.

e A unique interaction between Spry2 and zDHHC17 has a reciprocal

stabilisation effect, which is abrogated by the tripeptide NDK mutation. The
NDK region is suggested to be structurally critical to the SPR domain of Spry2.
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CHAPTER 4

INTERACTIONS OF SPRY AND SPRED
PROTEINS WITH ZDHHC17
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Chapter 4 - Interactions of Spry and SPRED proteins with
zDHHCA17

Introduction

zDHHC17 has been previously implicated in the progression of disease states such
as Huntington disease. Specifically, it was shown that decreased interaction between
Huntington protein (HTT) and zDHHC17 resulted in impaired HTT trafficking, leading
to subsequent aggregation, neuronal damage, and progression of Huntington’s
disease (Singaraja et al., 2002). Furthermore, zDHHC17 knockout mice exhibit
developmental, memory, and synaptic changes, and display deficits in motor
coordination, reduced body weight, and decreased prepulse inhibition (Singaraja et
al., 2011, Milnerwood et al., 2013, Chamberlain and Shipston, 2015).

Compared to the other zDHHC enzymes, zDHHC17 (and zDHHC13) contain six
TMDs (as opposed to the more typical four), and the enzyme also contains an N-
terminal ankyrin repeat (AR) domain (aa 51 - 286). This motif is comprised of seven
ankyrin repeats each made up of roughly 33 amino acids, which form two alpha

helices separated by loops (Chamberlain and Shipston, 2015).

A novel zDHHC17 substrate-binding motif that is recognised by the AR domain of the
enzyme was previously identified. This hexapeptide motif ((VIAP)(VIT)XXQP) was
named the “2zDHHC Ankyrin Binding Motif’ or “zDABM” for short (Lemonidis et al.,
2015b). Spry and SPRED proteins were subsequently identified to contain zDABMs
that interact with the Ank domain of zDHHC17, however, interestingly, the SPRED3
isoform was reported to lack a zDABM (Lemonidis et al., 2017a). The interaction of
the zDABM motif with zDHHC17 was further examined by Verardi et al. (2017), who
reported that asparagine 100 (N100) and tryptophan 130 (W130) are the critical
residues within the AR necessary for the interaction of ANK17 with zDABM sequences
(Verardi et al., 2017). Alanine substitutions at these positions (N100A/W130A) block
SNAP25 S-acylation by zDHHC17, and alanine substitution of Pro-117 within the
zDABM of SNAP25 was shown to severely impair both binding to and S-acylation by
zDHHC17 as previously reported by Greaves et, al,. (2009) and Lemonidis et, al.
(2015).

Unlike SNAP25, current evidence indicates that the zZDABM of Spry2 is not required

for the efficient S-acylation of the protein (figure 3.3 A/B) and is also not the only site

120



of Spry2-zDHHC17 interaction (figure 3.9). The overall aim of this chapter is to further
investigate the interaction between zDHHC17 and Spry/SPRED proteins, with the aim
of identifying critical sites of interaction on both the enzyme and the substrate. It is
hypothesised that because the zDABM of Spry2 is dispensable for S-acylation by
zDHHC17, that Spry/SPRED proteins contain an alternative, novel, lower affinity,

binding site coupled to S-acylation and/or function.

Results

4.1 Spry proteins do not require interaction via the zDABM for effective

S-acylation

Evidence given in figure 3.2 showed that zZDHHC17 could effectively S-acylate Spry1,
2, 3, & 4. As discussed above, the critical residues within the AR domain of zZDHHC17
for binding to zDABM substrates include N100 and W130. In the case of SNAP25,
mutation of either residue is sufficient to abolish S-acylation and binding to z-DHHC17
(Verardi et al., 2017). It was therefore important, as a first step to understanding the
zDHHC17-Spry interaction, to test if these key residues within zDHHC17 are also
important for the S-acylation of Spry proteins. Plasmids encoding for EGFP-tagged
Spry1, Spry2, Spry3, or Spry4 were co-transfected into HEK-293T cells together with
a plasmid encoding either HA-tagged zDHHC17 WT, zDHHC17 W130A, or pEF-BOS-
HA empty plasmid. Cells were then incubated with C16:0-azide and processed for
click chemistry detection of S-acylation (figure 4.1 A/B). As before, mean intensity
values (x SEM) for the S-acylated band (AK800) of each substrate were normalised
against the EGFP immunoreactive signal intensity for that protein (figure 4.1 C), and

also expressed as a fold increase above basal (figure 4.1 D).

As seen in figure 3.2, all Spry proteins were significantly S-acylated by zZDHHC17 WT.
The Spry proteins were also significantly S-acylated by the zDHHC17 W130A mutant,
and interestingly the level of S-acylation of Spry1, 2, & 3 with this mutant was
significantly higher than that seen with WT zDHHC17 (figure 4.1 C). Spry2 and Spry3
also showed a significant fold-increase in S-acylation with W130A compared to WT
zDHHC17, with Spry3 showing both the highest normalised and fold-change in S-

acylation.
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Figure 4.1 S-acylation of Spry1, 2, 3, & 4 by zDHHC17 W130A. (A) HEK-293T cells
were transfected with plasmids encoding EGFP-tagged Spry1 WT or Spry2 WT
together with either pEF-BOS-HA (as “-” in the figure), HA-zDHHC17, or zDHHC17
W130A. (B) HEK-293T cells were transfected with plasmids encoding EGFP-tagged
Spry3 WT or Spry4 WT together with either pEF-BOS-HA (as “-” in the figure), HA-
zZDHHC17, or zDHHC17 W130A. Transfected cells were incubated with 100 uM
palmitic acid azide (C16:0-azide) for 4 h and labelled proteins reacted with alkyne
(AK) IRdye-800 nm. Representative images showing Spry S-acylation (top; AK-
IR800) and EGFP-tagged Spry levels (middle; IR680) detected on the same
immunoblot. For zZDHHC17, HA (bottom; IR680) was revealed for the same samples
on a different immunoblot. The positions of the molecular weight markers are shown
on the left side of all immunoblots. Error bars represent + SEM; each replicate is
shown with filled circles. (C) Graph showing the mean intensity values of Spry S-
acylation relative to protein expression (AKS8OO/EGFP680) and normalised to the
highest value on each blot. (D) Graph showing the mean fold change between Spry
S-acylation in the presence and absence of zDHHC17 (zDHHC17 (+) / pEF (-)).
Differences were analysed by unpaired t test (WT v W130A). **** denotes p < 0.0001,

**p < 0.01, *p < 0.05, ns = non-significant (n = 6, for three independent experiments).
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4.2 Spry 1-4 and SPRED3 do not require zDABM binding for S-acylation

and interact with zZDHHC17 through an additional novel binding mode

The published evidence shows that the W130 residue of zDHHC17 is important for
both S-acylation and interaction with SNAP25 (Verardi et al., 2017). In contrast, the
results from figure 4.1 show that W130 is dispensable for the S-acylation of Spry
proteins. Results from figure 3.8 showed that zDHHC17 WT can interact with Spry1-
4, SPRED3, and also SNAP25. It was therefore of interest to understand how the
W130A mutations in zDHHC17 affects binding to Spry and SPRED proteins. HEK-
293T cells were co-transfected with either EGFP-tagged Spry1, Spry2, Spry3, Spry4,
SPRED3, SNAP25 (positive control), or EGFP alone (negative control) together with
either HA-tagged zDHHC17 WT or zDHHC17 W130A. Cell lysates were then
incubated for 1 hour with GFP-Trap® agarose immunoprecipitation beads and
washed twice in PBS to remove unbound/excess lysate. Bound proteins were then
eluted, releasing the captured EGFP-tagged proteins and any co-immunoprecipitated
binding partners (i.e., zDHHC17). The eluted proteins were resolved by SDS-PAGE

and analysed by immunoblotting.

From figure 4.2, it can be seen that (as in figure 3.8) all transfected substrates (except
EGFP) were able to interact with zDHHC17 WT. It can also be seen that the SNAP25
showed a complete loss of interaction with zDHHC17 W130A in agreement with
published work (Verardi et al., 2017). Spry 1, 2, & 3 all showed a level of binding to
zDHHC17 WT that was similar to SNAP25. However, when co-transfected with
zDHHC17 W130 the level of interaction with Spry1, 2, & 3 was not abolished, and
instead showed a reduction in zDHHC17 binding by ~ 40-60%. Furthermore, Spry4
and SPRED3 both showed equal binding to zDHHC17 WT and W130A. Interestingly
all four Spry proteins and SPRED3 showed similar levels of interaction with zDHHC17
W130A.
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Figure 4.2. Spry 1-4 and SPRED3 do not require a zDABM motif for interaction
with zDHHC17. (A) HEK-293T cells were co-transfected with HA-tagged zDHHC17
WT or zDHHC17 W130A together with plasmids encoding for EGFP-tagged Spry1,
Spry2, Spry3, Spry4, SPRED3, SNAP25, or EGFP. Cell lysates were incubated with
agarose beads conjugated to an EGFP antibody and co-immunoprecipitated proteins

were analysed by immunoblotting. Representative images showing HA-tagged
zDHHCA17 (top; IR680) and EGFP-tagged substrate (middle; IR800) detected in input
and co-immunoprecipitated samples on the same immunoblot. A total protein stain

(TPS) is also shown (bottom panel; IR680). The positions of the molecular weight
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markers are shown on the left side of all immunoblots. (B) Graph showing the mean
value of co-immunoprecipitated zDHHC17 after normalisation against the highest
value for each immunoblot. Error bars represent £ SEM. Each replicate is shown with
filled circles. Differences between zDHHC17 WT and zDHHC17 W130A were
analysed by unpaired t test between each substrate protein. *** denotes p < 0.0001,
*** denotes p < 0.001, and ns = non-significant. n = 3, for three independent

experiments.

4.3 Spry2 truncation mutants containing the SPR domain but lacking the
zDABM display reduced binding to zDHHC17 but effective S-acylation.

The results of figures 4.1 and 4.2 indicate that the S-acylation of Spry proteins by
zDHHC17 does not require a zDABM interaction. As a next step, the regions of Spry2
that are required for S-acylation were investigated. To do this, a series of EGFP-
tagged N-terminal truncation mutants of Spry2 (100-315, 120-315, 140-315 and
155-315 (previously synthesised by Dr Carolina Locatelli) (figure 4.3 A) were co-
expressed with either HA-tagged zDHHC17 or pEF-BOS-HA in HEK-293T cells
(figure 4.3 B). Click chemistry analysis of S-acylation showed that all four truncation
mutants were S-acylated above basal by zDHHC17 (figure 4.3 B/C) including the 155
to 315 mutant that lacks the zDABM (at positions 1149-P154).

These constructs were further utilised to study their interaction with z-DHHC17 by co-
immunoprecipitation. As described above (figure 4.2), HEK-293T cells were co-
transfected with the EGFP-tagged truncated Spry2 constructs alongside HA-
zDHHA17 WT, and immunoprecipitated using the GFP-Trap® agarose
immunoprecipitation beads. For this experiment, a catalytically inactive mutant of
zDHHC17 was used to prevent S-acylation-mediated changes in Spry2 expression.
Figure 4.3 D shows that the Spry2 120-315 and 140-315 mutants co-
immunoprecipitated zDHHC17 to a similar level to that of the full-length Spry2, with
Spry2 100-315 showing the highest co-immunoprecipitation of zDHHC17.
Interestingly, the 155 to 315 Spry2 mutant also captured zDHHC17 to a higher level
than the EGFP negative control, but less than was captured by the other Spry2

proteins.

125



SPR (CRD) -c Spry2 WT

SPR (CRD) .c  Spry2 100-315

SPR (CRD) -c  Spry2 140-315

=
—
[=]
-
— — — ——

1]
1]
SPRERD) ] )-c spry2 120:315
1)
1

SPR (CRD) -c  Spry2 155-315

B C

100-315 120-315 140-315 155-315 Spry2

- -+ - o+ - o+
kbDa _- + - * - + - + zDHHC17 N *ok kK

KK

47 —

»
v
i
.
i

Spry2 S-acylation c
- (AK-IR800) S _ .
=
— L
>0 .
Q
o2 .
&= . e :
Q .
ce 85 '
47 = - ... EGFP-Spry2 gt :
® - (IR680) .
re
0 T T T T T T T T
- + -+ - + -+ zD17
85 — . d HA-zD17 100-315 120-315 140-315 155-315 Spry2
L (IR680)
Input Co-immunoprecipitation
spry2 spry2 * |
* %k
w w w w0 0 w w n
& 2 % §F 5 & 2 2 7 8 *% '
[ =3 =3 =3 - o o =3
ka w = & § ¥ ° @ 3z 2 8 ¥ 8 —_— |
el e S BB S S L
34 kKKK
85 — ‘ . Ml
— - S - |HA-ZD17 G -]:—
e ——— — - (IR680) %&
[=N0]
Nmo 24
47 — ag
- o
85 — 8=
=k
@
— 2% 4] . .
T
- o T+
-~
47 — - 8 o .. (IR800) E
ol =t : - - T [ T I
EGFP WT 100-315 120-315 140-315 155-315
— -
30 - Spry2

Figure 4.3. Residues 155-315 of Spry2, which include the SPR domain, are
sufficient for binding to, and S-acylation by zDHHC17. (A) Schematic of the Spry2
constructs employed in click chemistry and co-immunoprecipitation assays: Spry2
100 to 315, 120 to 315, 140 to 315, and 155 to 315 of the mouse sequence (UniprotkKB
- Q9QXV8). All constructs have EGFP tags appended at the N-terminus. Position of
the zDABM containing proline-154 is denoted by “QP;” SPR denotes the Sprouty

domain, which is also referred to as CRD (cysteine-rich domain). (B) HEK-293T cells
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were transfected with plasmids encoding EGFP-tagged Spry2 100 to 315, Spry2 120
to 315, Spry2 140 to 315, or Spry2 155 to 315, together with either pEF-BOS-HA
(referred to as “-” in the figure) or HA-zDHHC17 (referred to as “+” in the figure). Cells
were incubated with 100 uM palmitic acid azide (C16:0-azide) for 4 h and labelled
proteins reacted with alkyne (AK) IRdye-800 nm. EGFP- and HA-tagged proteins
were labelled by immunoblotting using IRdye-680 secondary antibodies.
Representative images showing Spry2 S-acylation (top; AK-IR800), Spry2 levels
(middle; IR680), and zDHHC17 levels (bottom; IR680), detected on the same
immunoblot. The positions of the molecular weight markers are shown on the left side
of all immunoblots. (C) Graph showing mean Spry2 S-acylation levels after
normalisation against the corresponding control samples (pEF-BOS-HA). Error bars
represent + SEM; each replicate is shown with filled circles. Differences were
analysed by unpaired t test (**** denotes p < 0.0001, ***p < 0.001, *p < 0.05) (n = 9,
for three independent experiments). (D) HEK-293T cells were co-transfected with HA-
tagged zDHHA17 (a catalytically inert form of the enzyme) along with plasmids
encoding for EGFP-tagged Spry2 100 to 315, Spry2 120 to 315, Spry2 140 to 315,
and Spry2 155 to 315, or EGFP alone (as a control). Cell lysates were incubated with
agarose beads conjugated to an EGFP antibody and co-immunoprecipitated proteins
were analysed by immunoblotting. Representative images showing zDHHA17 (top;
IR680) and Spry2 (bottom; IR800) levels in the input and immunoprecipitated samples
detected on the same immunoblot. The positions of the molecular weight markers are
shown on the left side of all immunoblots. (E) Graph showing the mean fold change
in co-immunoprecipitated zDHHA17 levels after normalisation against Spry2 WT.
Error bars represent £ SEM; each replicate is shown with filled circles. Differences
were analysed by unpaired t test compared to the EGFP control (**** denotes p <

0.0001, **p < 0.001, **p < 0.01, n = 3 from three independent experiments).
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4.4 The 155-315 truncation of Spry2 co-localises in a similar manner to the
WT

Previous evidence has shown that S-acylation deficient mutants of Spry2 (Spry2
C265A/C268A) exhibited a significant reduction in plasma membrane association
(Locatelli et al., 2020). The results of figures 4.3 show that the Spry2 155-315
truncation mutant is still able to interact with and be effectively S-acylated by
zDHHCA17. As the 155-315 truncated mutant does not contain the zDABM but retains
the entire SPR/CRD domain (figure 4.3 A), it was subsequently examined if the 155-

315 mutant retains the same localisation as Spry2 WT.

As in the study by Locatelli et al (2020), PC12 cells were co-transfected with mCherry-
tagged Spry2 WT together with either EGFP-tagged Spry2 WT, Spry2 C265A/268A,
or Spry2 155-315. Using confocal fluorescent microscopy, the co-localisation of
mCherry-Spry2 WT with each EGFP form of Spry2 was visualised (figure 4.4 A).
Spry2 WT was used as a positive control and the C265A/C268A cysteine double
mutant form of Spry2 (previously cloned by Carolina Locatelli) was used as a negative
control (Locatelli et al., 2020). For all samples, a Pearson’s coefficient was determined
in relation to mCherry-Spry2 WT. Retal Values are given between +1 and -1, where a
value towards +1 implies positive correlation, 0 implies no relationship and a value

towards -1 implies negative correlation (Figure 4.4 B).

As expected, there was a significant reduction in co-localisation between Spry2 WT
and Spry2 C265A/268A (figure 4.4 B). However, the 155-315 truncation form of Spry2
did not show any significant difference in co-localisation to that of Spry2 WT (figure
4.4 B). Consistent with the previously published data (Locatelli et al., 2020), the Spry2
C265A/C268A does not visually localise in a similar manner to that of the WT, i.e.,

reduced plasma membrane association of the mutant was visible.
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Figure 4.4. Colocalisation of Spry2 WT, 155-315, and C265A/268A mutants in
PC12 cells. (A) Confocal imaging of PC12 cells co-transfected with plasmids
constructs encoding for mCherry-Spry2 WT and either EGFP-tagged Spry2 WT,
Spry2 155-315, or Spry2 C265A/C268A. Representative images are shown in the
figure, scale bar = 5 um. (B) Quantified data represents the Pearson’s coefficient
(Ruwta) Of each sample showing the mean (+ SEM) values of Ruw. Statistical
significance was analysed using an unpaired t-test compared to the WT. * Denotes P

< 0.05 and ns denotes non-significance. n = 4/5.

129



4.5 SPRED3 interaction with zDHHC17 involves the cysteine-rich SPR

domain

Alignment of the Spry and SPRED proteins shows that SPRED3 is the only isoform
that lacks a zDABM (figure 1.5). Despite this, SPRED3 has been shown to interact
with zDHHC17 (figure 4.2) and is effectively S-acylated by zDHHC17 to a similar
degree as Spry2 (figure 3.4). To further understand how zDHHC17 can recognise and
S-acylate substrate proteins without zDABM interactions, SPRED3 was further
analysed as it is proposed that this protein only has a single zDHHC17-binding site.
Similar to experiments conducted in figure 4.3, to explore the features required for
SPRED3 interaction with zDHHC17, a series of SPREDS truncation mutant constructs

were designed in which specific domains were removed (figure 4.5 A).

Consistent with results obtained for the Spry2 truncation mutant (155-315), the
isolated SPR domain (amino acids 296—410) co-precipitated zZDHHC17 (catalytically
inert zDHHS mutant) albeit at reduced levels compared to WT SPRED3 (figure 4.5
B/C). A slight but significant binding of 1-244 and 1-295 SPRED3 truncation mutants
to zDHHC17 was also detected in this assay, whereas SPRED3 constructs 1-113 and
1-194 showed no significant interaction with zDHHC17 (figure 4.5 B/C). In addition,
although reduced compared to the WT, the SPR domain truncation mutant of SPRED3
(296-410) was efficiently S-acylated by zDHHC17 compared to the pEF-BOS-HA

negative control in click chemistry assays (Figure 4.5 D/E).
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Figure 4.5. The SPR domain of SPRED3 is sufficient for binding to, and S-
acylation by zDHHC17. (A) Schematic representation of SPRED3 truncation mutant
constructs used in click chemistry and coimmunoprecipitation assays: SPRED3 WT,
1-113, 1-94, 1-244, 1-295, and 296-410 (UniProt KB - Q2MJRO0). EVH1, Ena/VASP
(enabled/vasodilator-stimulated phosphoprotein) homology 1 domain, also known as
WH1 for WASP (Wiskott—Aldrich syndrome protein) homology 1 domain; KBD, c-Kit
kinase binding domain; SPR, Sprouty domain, which is also referred to as CRD
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(cysteine-rich domain). All constructs used have EGFP tags appended at the N-
terminus. (B) HEK-293T cells were co-transfected with HA-tagged zDHHS17 (a
catalytically inert form of the enzyme) along with plasmids encoding for EGFP-tagged
SPRED3 1-113, 1-194, 1-244, 1-295, 296-410, or EGFP alone. Cell lysates were
incubated with agarose beads conjugated to an EGFP antibody and co-
immunoprecipitated proteins were analysed by immunoblotting. Representative
images showing zDHHS17 (top; IR680) and SPRED3 (middle; IR800) detected in
input and immunoprecipitated samples on the same immunoblot. A total protein stain
(TPS) is also shown (bottom panel; IR680). The positions of the molecular weight
markers are shown on the left side of all immunoblots. (C) Graph showing the mean
fold change in co-immunoprecipitated zDHHS17 after normalisation against the
SPRED3 WT. Error bars represent + SEM. Each replicate is shown with filled circles.
Differences were analysed by unpaired t-test compared to the EGFP control. ****
denotes p < 0.0001, ***p < 0.001, **p < 0.01, ns = non-significant (n = 3 for three
independent experiments). (D) HEK-293T cells were transfected with plasmids
encoding EGFP-tagged SPRED3 WT or SPRED3 296-410, together with either pEF-
BOS-HA (referred to as “control” in the figure) or HA-zDHHC17. Cells were incubated
with 100 uM palmitic acid azide (C16:0-azide) for 4 h and labelled proteins reacted
with alkyne (AK) IRdye-800 nm. Representative images showing SPRED3 S-
acylation (top; AK-IR800) and SPRED3 levels (middle; IR680) detected on the same
immunoblot. For zDHHC17, HA (bottom; IR680) was revealed for the same samples
on a different immunoblot. The positions of the molecular weight markers are shown
on the left side of all immunoblots. (E) Graph showing mean SPRED3 S-acylation
levels after normalisation against the corresponding control samples. Error bars
represent + SEM. Each replicate is shown with filled circles. Differences were
analysed by unpaired t-test to the control for each substrate (**** denotes p < 0.0001,

***p < 0.001, **p < 0.01, n = 6 from three independent experiments).
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4.6 SPRED3 binding to zDHHC17 does not require the Ank domain

As SPREDS interaction with zDHHC17 involves the SPR domain of the substrate
protein rather than a zDABM, it was next investigated if SPRED3 interacts with the
ankyrin repeat of zDHHC17, as is reported for other substrates of zDHHC17
(Lemonidis et al., 2017a). To do this, HA-tagged zDHHC17 or a mutant lacking the
ankyrin repeat domain (zDHHC17-AAnk; aa 287-632) (previously synthesised by Dr
Kimon Lemonidis) were co-transfected with either EGFP-tagged SPRED3, Spry2,
EGFP, or SNAP25 (shown to require an intact zDABM for S-acylation by zDHHC17
(Verardi et al.,, 2017). EGFP-tagged proteins were then captured on GFP-Trap®
agarose IP beads and the co-immunoprecipitation of either HA-tagged zDHHC17 WT

or the AAnk mutant was quantified.

As expected, SNAP25 was efficiently co-immunoprecipitated with zDHHC17 WT but
failed to be captured by the AAnk mutant of zDHHC17. Spry2 interacted with both
zDHHC17 WT and zDHHC17-AAnk albeit with reduced efficiency for the truncated
mutant. SPRED3 displayed similar binding to zDHHC17-WT as Spry2 did to the
zDHHC17-AAnk. However, SPRED3 showed an increased efficacy in co-
immunoprecipitating the zDHHC17-AAnk, to a similar level as SNAP25 with
zDHHC17 WT.
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Figure 4.6. Spry2 and SPRED3 can both effectively bind zDHHC17 in the
absence of the ankyrin repeat domain. (A) Schematic diagram comparing Spry2
and SPRED3 constructs. EVH1, Ena/VASP (enabled/vasodilator-stimulated
phosphoprotein) homology 1 domain also known as WH1, WASP (Wiskott-Aldrich
syndrome protein) homology one domain; KBD, c-Kit kinase binding domain; QP
indicates the zDABM position; SPR, Sprouty domain also referred to as CRD
(cysteine-rich domain). All constructs used have EGFP tags appended at the N-
terminus. (B) Schematic diagram of zDHHC17 WT, ankyrin repeat domain (Ank),
transmembrane domains (1-6), DHHC domain (DHHC). (C) HEK-293T cells were co-
transfected with HA-tagged zDHHC17 WT or zDHHC17 AAnk together with plasmids
encoding EGFP-tagged Spry2, SPRED3, SNAP25, or EGFP. Cell lysates were
incubated with agarose beads conjugated to an EGFP antibody and co-
immunoprecipitated proteins were analysed by immunoblotting. Representative
images showing zDHHC17 (top; IR680) and EGFP-tagged proteins (middle; IR800)
in the input and immunoprecipitated samples detected on the same immunoblot. A
total protein stain (TPS) is also shown (bottom panel; IR680). The positions of the
molecular weight markers are shown on the left side of all immunoblots. (D) Graph
showing the fold change in co-immunoprecipitated zDHHC17 after normalisation. SY2
= Spry2, SD3 = SPRED3, SN25 = SNAP25. Error bars represent + SEM. Each
replicate is shown with filled circles. Differences were analysed by unpaired t-test
compared to the EGFP control (* denotes p < 0.05, n = 3, from three independent

experiments).

4.7 The SPR domain can bind to zDHHC17

The analysis in figure 4.6 suggests that the interaction of SPRED3 with zDHHC17
occurs outside of the Ank domain in the enzyme. The reduced but detectable binding
of Spry2 to the AAnk mutant is also consistent with Spry2 having two binding sites,
the major one being the zDABM interaction with the Ank domain and the second
binding mode presumably being similar to the Ank domain—independent mode that
occurs with SPREDS3. To further test this hypothesis, zDHHC17 WT and zDHHC17
AANnk co-immunoprecipitation with the SPR domain truncation mutant of SPRED3

(296-41) was examined.
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As in previous experiments, HEK-293T cells were co-transfected with HA-tagged
zDHHC17 WT or zDHHC17 AAnk, alongside either EGFP-tagged SPRED3 WT,
SPRED3 296-410, or EGFP (figure 4.7 A). As in figure 4.6, SPRED3 WT was able to
co-immunoprecipitate both zDHHC17 WT and zDHHC17 AAnk. In addition, SPRED3
296-410, was also able to significantly precipitate both the WT and mutant enzyme
(figure 4.7 B).
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Figure 4.7. The SPR domain of SPRED3 can bind a zDHHC17 mutant that lacks
the ankyrin repeat domain. (A) HEK-293T cells were co-transfected with HA-tagged
zDHHC17 WT or zDHHC17 AAnk together with plasmids encoding EGFP-tagged
SPRED3 WT, SPRED3 296-410, or EGFP. Cell lysates were incubated with agarose
beads conjugated to an EGFP antibody and co-immunoprecipitated proteins were
analysed by immunoblotting. Representative images showing co-immunoprecipitated
zDHHCA17 (top; IR680) and SPRED3 levels (middle; IR800) detected on the same
immunoblot. A total protein stain (TPS) is also shown (bottom panel; IR680). The
positions of the molecular weight markers are shown on the left side of all
immunoblots. (B) Graph showing the mean fold change in co-immunoprecipitated
zDHHCA17 after normalisation. Error bars represent + SEM. Each replicate is shown
with filled circles. Differences were analysed by unpaired t-test compared to the EGFP
control (**** denotes p < 0.0001, ***p < 0.001, **p < 0.01, n = 4 from two independent

experiments).
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4.8 SPRED3 does not bind to the C-terminal end of zDHHC17, and also has
a low affinity binding to zZDHHC7

The current results suggest an interaction between the SPR domain of Spry/SPRED
proteins and a region outside the ankyrin repeat domain of zDHHC17. To narrow down
interaction sites, a zDHHC17 mutant lacking the cytosolic C-terminus was analysed.
In addition to this, zDHHC7 was also included in the analysis to detect a possible
interaction of SPRED3 with the conserved DHHC domain of zDHHC enzymes.
zDHHC?7 has been shown previously to substantially S-acylate Spry/SPRED proteins
(figure 3.3).

HEK-293T cells were therefore co-transfected with either EGFP-SPRED3 or EGFP
together with HA-tagged zDHHC17 WT, zDHHC17-AC (aa 11-569), or zDHHC7 WT.
Cell lysates were incubated for 1 hour with GFP-Trap® agarose immunoprecipitation
beads and washed twice in PBS to remove unbound/excess lysate. Precipitates were
eluted to release captured EGFP-tagged proteins and any co-immunoprecipitated
binding partners (i.e., zDHHC17/7). Eluted proteins were then resolved by SDS-PAGE
and analysed by immunoblotting (figure 4.8 A). As in previous results in this chapter,
SPRED3 was able to co-immunoprecipitate zDHHC17 WT. SPRED3 was also able to
significantly interact with zDHHC17-AC (aa 11-569), to a greater degree than that of
the zDHHC17 WT (figure 4.8 B). SPRED3 was also able to co-immunoprecipitate
zDHHCY7 but to a far lower degree than that of either zZDHHC17 constructs.
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Figure 4.8. SPRED3 can bind to a zDHHC17 mutant that lacks the C-terminus
and displays stronger binding to zDHHC17 than zDHHC?7. (A) HEK-293T cells
were co-transfected with HA-tagged zDHHC17 WT or zDHHC17 AAnk (ankyrin repeat
domain removed) together with plasmids encoding EGFP-tagged SPRED3 WT,
SPRED3 296-410, or EGFP. Cell lysates were incubated with agarose beads
conjugated to an EGFP antibody and co-immunoprecipitated proteins were analysed
by immunoblotting. Representative images showing co-immunoprecipitated
zDHHCA17 (top; IR680) and SPRED3 levels (middle; IR800) detected on the same
immunoblot. A total protein stain (TPS) is also shown (bottom panel; IR680). The
positions of the molecular weight markers are shown on the left side of all
immunoblots. (B) Graph showing the mean fold change in co-immunoprecipitated
zDHHCA17 after normalisation. Error bars represent + SEM. Each replicate is shown
with filled circles. Differences were analysed by unpaired t-test compared to the EGFP
control (**** denotes p < 0.0001, ***p < 0.001, **p < 0.01, n = 4 from two independent

experiments).
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4.9 Alanine scanning mutagenesis of SPRED3 SPR domain

Taking the results of chapter 4 together so far, it is proposed that the alternative
interaction between SPRED3 and zDHHC17 that is coupled to S-acylation likely
occurs between the SPR domain of SPRED3 (aa 296-410), and a region between the
end of the ankyrin repeat domain and the beginning of the C-terminal region of
zDHHCA17 (aa 287-569) (but likely not the DHHC domain due to minimal binding to
zDHHCY). Therefore, the next step was to examine the SPR of SPREDS3 in more

detail to narrow down the interaction site.

EGFP-tagged SPRED3 alanine scanning mutants were generated covering the SPR
domain but excluding cysteine residues (figure 4.9 A; appendix 1). The mutant
constructs were either created in blocks of ten residues mutated to alanine (figure 4.9
B/C), or in blocks of twenty residues mutated to alanine (figure 4.9 D/E). SPRED3
constructs were co-transfected into HEK-293T cells with zZDHHC17 WT, before being
co-immunoprecipitated and analysed by immunoblotting (figure 4.9 B/D). None of the
SPRED3 mutant constructs showed a significant reduction in co-immunoprecipitation
of zDHHC17 (figure 4.9 C/E). Of all constructs tested, mutant 4 showed the greatest
absolute reduction in zDHHC17 binding (although this was non-significant when
compared to the WT). Conversely most mutant constructs actually led to a significant
increase in co-immunoprecipitation of zDHHC17 WT. Constructs 3, 5, and 6 showed
the greatest increase in figure 4.9 C, and mutant constructs C, D, and E showed the

highest increase in figure 4.9 E.
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Figure 4.9. Alanine mutagenesis of the SPR domain of SPRED3 does not perturb
zDHHC17 binding. (A) Schematic representation of SPRED3 alanine scanning
mutant constructs used in co-immunoprecipitations assays. The SPR domain was
either mutated in ten aa blocks (mutants 1-10) or twenty aa blocks (mutants A-E)
(UniProt KB - Q2MJRO0). EVH1, Ena/VASP (enabled/vasodilator-stimulated
phosphoprotein) homology 1 domain, also known as WH1 for WASP (Wiskott—Aldrich
syndrome protein) homology 1 domain; KBD, c-Kit kinase binding domain; SPR,
Sprouty domain, which is also referred to as CRD (cysteine-rich domain). All
constructs used have EGFP tags appended at the N-terminus. (B) HEK-293T cells
were co-transfected with HA-tagged zDHHC17 together with plasmids encoding
EGFP-tagged SPRED3 WT or mutants with blocks of 10 residues mutated to alanine:
1. aa 296-297, 2. aa 298-318, 3. aa 319-328, 4. aa 329-340, 5. aa 341-351, 6. aa 352-
363, 7. aa 364-373, 8. aa 374-386, 9. aa 387-399, 10. aa 400-410, or EGFP alone
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(negative control). Cell lysates were incubated with agarose beads conjugated to an
EGFP antibody and co-immunoprecipitated proteins were analysed by
immunoblotting. Representative images showing zDHHC17 (top; IR680) and
SPRED3 (middle; IR800) detected in input and co-immunoprecipitated samples on
the same immunoblot. A total protein stain (TPS) is also shown (bottom panel; IR680).
The positions of the molecular weight markers are shown on the left side of all
immunoblots. (D) HEK-293T cells were co-transfected with HA-tagged zDHHC17
along with plasmids encoding EGFP-tagged SPRED3 WT or mutants with blocks of
twenty residues mutated to alanine: A. aa 296-318, B. aa 319-340, C. aa 341-363, D.
aa 364-386, E. aa 387-410, or EGFP alone (negative control). Cell lysates were
incubated with agarose beads conjugated to an EGFP antibody and co-
immunoprecipitated proteins were analysed by immunoblotting. Representative
images showing zDHHC17 (top; IR680) and SPRED3 (middle; IR800) detected in
input and co-immunoprecipitated samples on the same immunoblot. A total protein
stain (TPS) is also shown (bottom panel; IR680). The positions of the molecular
weight markers are shown on the left side of all immunoblots. (C/E) Graphs showing
the mean fold change in co-immunoprecipitated zZDHHC17 after normalisation against
SPRED3 WT. Error bars represent + SEM. Each replicate is shown with filled circles.
Differences were analysed by unpaired t-test compared to SPRED3 WT (**** denotes
p < 0.0001). No significant decrease was observed (except for EGFP control) and

therefore is not indicated (n = 4, for three independent experiments).

410 Effects of SPRED3 cysteine mutations on zDHHC17 Binding

The alanine scanning mutagenesis conducted in figure 4.9 was unable to identify an
alternative zDHHC17 interaction site in the SPR domain of SPRED3. One possibility
is that the cysteine residues in this domain, which were not mutated in the constructs
studied in figure 4.9, may play a role in zDHHC17 binding. To investigate this, triple
cysteine to alanine mutant constructs of SPRED3 were generated (figure 4.10 A).
These Cys mutants were: (1) SPRED3 C297A/C300A/C315A, (2) SPRED3 C331A/
C334A/C342A, (3) SPRED3 C354A/C356A/C379A, (4) SPRED3 C381A/C382A/
C389A, and (5) SPRED3 C396A/C398A/C401A. EGFP-tagged SPRED3 WT or Cys
mutant constructs were co-transfected together with HA-tagged zDHHC17 WT before
undergoing an immunoprecipitation assay (figure 4.10 B). Analysis of the data
revealed that SPRED3 Cys mutant constructs 3 & 5 had a significant reduction in
zDHHC17 binding compared with SPRED3 WT (figure 4.10 C).
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Figure 4.10. Analysis of the binding of SPRED3 cysteine mutants to zDHHC17.
(A) Schematic representation of cysteine residues within the SPR domain of SPRED3
(UniProt KB - Q2MJRO0). EVH1, Ena/VASP (enabled/vasodilator-stimulated
phosphoprotein) homology 1 domain, also known as WH1 for WASP (Wiskott—Aldrich
syndrome protein) homology 1 domain; KBD, c-Kit kinase binding domain; SPR,
Sprouty domain (aa 296-410), which is also referred to as CRD (cysteine-rich
domain). All constructs used have EGFP tags appended at the N-terminus. (B) HEK-
293T cells were co-transfected with HA-tagged zDHHC17 together with plasmids
encoding for EGFP-tagged SPRED3 WT (as ‘W’ in the figure), EGFP alone (as -‘ in
the figure), or EGFP-tagged SPRED3 SPR domain cysteine mutant constructs,
containing sequential cysteine to alanine mutations in groups of three: (1) SPRED3
C297A/C300A/C315A, (2) SPRED3 C331A/C334A/C342A, (3) SPRED3 C354A/
C356A/C379A, (4) SPRED3 C381A/C382A/C389A, and (5) SPRED3 C396A/
C398A/C401A. Cell lysates were incubated with agarose beads conjugated to an
EGFP antibody and co-immunoprecipitated proteins were analysed by
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immunoblotting. Representative images showing zDHHC17 (top; IR680) and
SPRED3 (middle; IR800) detected in input and co-immunoprecipitated samples on
the same immunoblot. A total protein stain (TPS) is also shown (bottom panel; IR680).
The positions of the molecular weight markers are shown on the left side of all
immunoblots. (C) Graph showing the mean fold change in co-immunoprecipitated
zDHHCA17 after normalisation against the SPRED3 WT. Error bars represent + SEM.
Each replicate is shown with filled circles. Differences were analysed by unpaired t-
test compared to SPRED3 WT (* denotes p < 0.05) (EGFP control is significant, not
shown on graph) (n = 3, for three independent experiments).

411 Effect of cysteine mutations on SPRED3 S-acylation

Previous work on the S-acylation of Spry2 identified that C265/C268 are the residues
required for efficient S-acylation by zDHHC17 (Locatelli et al., 2020). S-acylation of
the SPRED3 cysteine mutants in figure 4.10 was investigated next. HEK-293T cells
were co-transfected with plasmids encoding HA-zDHHC17 or pEF-BOS-HA (empty
vector as negative control) together with either EGFP-tagged SPRED3 WT, (1)
SPRED3 C297A/C300A/C315A, (2) SPRED3 C331A/C334A/C342A, (3) SPRED3
C354A/C356A/C379A, (4) SPRED3 C381A/C382A/C389A, and (5) SPRED3 C396A/
C398A/C401A. Cells were then incubated with C16:0-azide and processed for click
chemistry detection of S-acylation (figure 4.11 A). As before, mean intensity values (
SEM) for the S-acylated band (AK800) of each substrate were normalised against the
EGFP intensity for that protein (figure 4.11 B) or expressed as a fold increase above
basal (figure 4.11 C).

The results show that all SPRED3 Cys mutant constructs with or without zDHHC17
exhibit an enhancement in basal S-acylation compared to the WT (figure 4.11 B).
However only Cys mutant 2 displays a significant increase in S-acylation with
zDHHCA17 above its basal S-acylation (figure 4.11 B/C). Expressing the zDHHC17-
mediated S-acylation as a fold change over basal in figure 4.11 C further emphasises
the lack of any effect of zZDHHC17 on SPREDS3 mutants 3-5, in particular.

The immunoblot in figure 4.11 A also shows a visual difference in zDHHC17
expression levels with some of the SPRED3 mutants (figure 4.11 A bottom panel).
Data quantification indeed revealed that zDHHC17 is significantly less well expressed
when co-expressed with SPRED3 mutant constructs 2 and 5.
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Figure 4.11. S-acylation of SPRED3 mutants by zDHHC17 and effects of the
mutants on zDHHC17 expression levels. (A) HEK-293T cells were transfected with
plasmids encoding EGFP-tagged SPRED3 WT or SPRED3 SPR domain cysteine
mutant constructs, containing sequential cysteine to alanine mutations in groups of
three: (1) SPRED3 C297A/C300A/C315A, (2) SPRED3 C331A/C334A/C342A, (3)
SPRED3 C354A/C356A/C379A, (4) SPRED3 C381A/C382A/C389A, and (5)
SPRED3 C396A/C398A/C401A. These constructs were co-transfected with either
pEF-BOS-HA (as “-” in the figure) or HA-zDHHC17. Cells were incubated with 100 yM
palmitic acid azide (C16:0-azide) for 4 h and labelled proteins reacted with alkyne
(AK) IRdye-800 nm. Representative images showing SPRED3 S-acylation (top; AK-
IR800) and SPRED3 levels (middle; IR680) detected on the same immunoblot. For
zDHHC17, HA (bottom; IR680) was revealed for the same samples on a different
immunoblot. The positions of the molecular weight markers are shown on the left of
allimmunoblots. (B) Graph showing the mean intensity values of SPRED3 S-acylation
relative to substrate expression (AK800O/EGFP680) and normalised to the highest
value on each blot. (C) Graph showing the mean fold change between SPRED3 S-
acylation in the presence of z-DHHC17 (zDHHC17 (+) / pEF (-)) compared to WT. (D)
Graph showing the mean values of zDHHC17 expression (IR680). For all graphs,
error bars represent + SEM and each replicate is shown with filled circles. Differences
were analysed by unpaired t-test compared to SPRED3 WT. **** denotes p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05 (n = 6, for three independent experiments).
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Discussion

The results of this study uncover a striking difference in the mechanisms of recognition
of different proteins by zDHHC17. In contrast to the analysis of SNAP25-zDHHC17
interactions, the findings in this chapter show that a simple zDABM interaction
followed by substrate S-acylation model does not fit for all proteins. In fact, SNAP25,
Spry, and SPRED proteins each show a different profile. For SNAP25, the zDABM
interaction with zZDHHC17 is coupled to and essential for S-acylation. For Spry2, the
zDABM interaction with zDHHC17 occurs but is dispensable for S-acylation. Whereas
for SPRED3, the substrate is S-acylated by zDHHC17 but lacks a zZDABM sequence.

Evidence for an alternative Spry/SPRED-zDHHC17 interaction site coupled to S-

acylation

The W130 residue in the Ank domain of zDHHC17 has been shown to be critical for
the interaction with the zZDABM of SNAP25 (Verardi et al., 2017). Evidence presented
in figure 4.1 revealed the unexpected finding that mutation of this residue did not affect
the S-acylation of Spry proteins, and in the case of Spry1, 2 and 3, S-acylation actually
showed a significant increase with the W130A mutant compared with WT zDHHC17
(figure 4.2 C). Analysis of the interaction of Spry proteins with the W130A mutant
revealed that although Spry1-3 binding was reduced compared to WT zDHHC17 it
was still detectable (in contrast to SNAP25 binding which was completely ablated).
For SPRED3, there was no loss of binding with the W130A mutant, consistent with
the absence of a zDABM sequence in this protein. This data suggests for the first time

that there is an alternative mode of binding use by some substrates of zZDHHC17.

It should also be acknowledged that although Spry4 does contain a zDABM, it
consistently exhibited reduced binding to both zZDHHC17 WT and W130A. The reason
for this is unclear but it is interesting to note that Spry4 contains two zDABM sites
sequential to one another (128- AVRIQPKVVHCQP-140; UniProt: Q9C004 -
SPY4_HUMAN). The presence of two zDABMs in close proximity like this could

render both ineffective; however, currently this hypothesis is speculative and would

require further investigation.
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Examining Spry/SPRED domains for alternative interaction sites

With the knowledge that Spry2 does not require a zDABM for S-acylation (figure 4.1),
it was important to explore other regions within the protein that could be important for
its S-acylation. Truncation mutant experiments in figure 4.3 D/E showed that the Spry2
155 -315 mutant was still able to interact with zDHHC17. This truncation mutant also
showed significant levels of S-acylation by zDHHC17 (figure 4.3 B/C), and the same
localisation as Spry2 WT in PC12 cells (figure 4.4). Altogether, the data suggests that
Spry2 may contain a second, lower affinity, zZDHHC17-binding site downstream of the
zDABM P154 residue. Incidentally, the 100 to 315 Spry2 mutant appeared to show
elevated binding (figure 4.3 D/E) and lower S-acylation (figure 4.3 B/C) compared to
the 120 to 315 and 140 to 315 mutants, and it is unclear whether these differences

are meaningful or a consequence of different folding of these truncation mutants.

Results from figure 3.4 indicate that although SPRED3 has lower absolute levels of
S-acylation by zDHHC17 compared to Spry2 (figure 3.4 B), the fold change above
basal for Spry2 and SPREDS is comparable. Additionally, the results of figure 4.2,
show that both SPRED3 and Spry2 have comparative binding to zDHHC17 W130A.
Collectively, these results are consistent with both SPRED3 and Spry2 containing an
alternative zDHHC17 binding site that is coupled to their S-acylation. SPRED3 was
selected for further investigation as the absence of a zDABM makes the analysis of

binding to zDHHC17 simpler (i.e., because it has one rather than two binding modes).

Truncation mutants of SPRED3 were assessed for binding to zDHHC17 (figure 4.5).
None of the C-terminal mutants lacking the SPR domain showed significant binding
to zDHHCL17 (figure 4.5 B/C). However, the N-terminal mutant comprised of amino
acids 296-410 was able to effectively interact zDHHC17 (figure 4.5 B/C). In addition
to this, the SPRED3 296-410 was also able to be S-acylated by zDHHC17 (figure 4.5
D/E). These data suggest that the novel binding site may be present in the SPR
domain of SPRED3. This is consistent with the analysis of Spry2, which also
suggested a binding site in the SPR domain between residues 155-315 (figure 4.3 &
4.4). For Spry2, the SPR domain is between amino acids 177-291, and for SPRED3

the SPR domain is between amino acids 296-407.

Another interesting finding in the previous chapter was that SPRED1/2 are not
efficiently S-acylated by zDHHC17 despite containing a similar SPR domain as
SPRED3. It will be interesting to explore the reasons why SPRED3 is a better
substrate of zDHHC17 than SPRED1/2. Perhaps different cysteine configurations of

146



the SPR domains favour SPRED3 S-acylation over SPRED1/2 S-acylation. For
instance it has been previously reported that S-acylation of SNAP25 by zDHHC17
critically depends on the length of the linker region between the binding site and the

S-acylated cysteines (Salaun et al., 2020a).

Alternative substrate interaction sites in zDHHC17

The finding that Spry and SPRED proteins do not interact with zDHHC17 via a zDABM
was unexpected and suggested that the Ank domain of this enzyme may also
recognise a different motif/structural feature in Spry/SPRED. Surprisingly, in figure 4.6
it was found that the Ank domain of zDHHC17 is dispensable for binding to SPRED3
WT and that Spry2 also retains residual binding when the Ank domain is removed.
Furthermore, figure 4.7 showed that the isolated SPR domain of SPRED3 (SPRED3
296-410; from figure 4.5) also interacts with zDHHC17 lacking the Ank domain. This,
to our knowledge, is the first demonstration of Ank domain—independent interaction of
zDHHCA17 linked to substrate S-acylation. In addition, the C-terminus of zDHHC17
was also dispensable for SPRED3 binding (figure 4.8). Furthermore, the DHHC-CRD
domain of zDHHC17 does not appear to be the second binding site for Spry/SPRED
proteins, as this would predict a similar interaction of these substrates with other
zDHHC enzymes (which was not observed for zDHHC7). Thus, the interaction may
occur at cytosolic regions between TMDs 2 & 3; or alternatively, unique sequence
elements in the DHHC-CRD of zDHHC17 may facilitate a specific interaction with this
enzyme isoform. Further mutational analysis will be required to uncover the specific

mechanism of interaction.

These further analyses could include chimeric mutant constructs containing domain
swaps between zDHHC17 and zDHHC7. Although zDHHC enzymes are highly
conserved in their DHHC-CRDs, there is actually only 50.98% homology between the
DHHC domains of zDHHC17 and zDHHC7. Furthermore, the larger cytoplasmic
regions between TMD loops 4 and 5 on zDHHC17 and the corresponding region
between TMD loops 2 and 3 of zDHHC7, are only 39.47% identical to each other.
With less than 20% identity in the cytoplasmic sequence before the DHHC domain
(figure 4.12). Generating plasmid constructs which code for chimeric mutant
zDHHC7/zDHHC17 domain swaps could therefore prove effective in clarifying, one
way or another, the involvement of the DHHC-CRD region in Spry and SPRED
binding.
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Figure 4.12. Homology between the cytoplasmic/DHHC regions of zDHHC7 and
zDHHCA7. Protein sequence alignment and percentage identity between residues for
the cytoplasmic/DHHC regions of zZDHHCY (aa 97-173) and zDHHC17 (aa 403-480).

Generated using the outputs from the align tool from UniProt (Consortium, 2022).

Probing the SPR domain of SPRED3 for alternative interaction sites

With the current evidence indicating that the SPR domain of Spry/SPRED proteins is
the region which contains the alternative zDHHC17 interaction site, it was next
important to analyse the residues within this region that mediate binding. However,
alanine scanning mutagenesis of this domain was unable to conclusively discern a
region of importance for the SPRED3-zDHHC17 interaction (figure 4.9). There was a
slight significant decrease in SPRED3-zDHHC17 interaction with SPRED3 Cys
mutant constructs 3 (C396A/C398A/C401A) and 5 (C381A/C382A/C389A). However,
no other Cys mutant construct showed a significant reduction is zZDHHC17 interaction.
(figure 4.10 B/C). Potentially an alternative combination of Cys to Ala mutations in
SPRED3 would be effective to disrupt zDHHC17 interaction.

These Cys mutant constructs were also tested for how well they could be S-acylated
in figure 4.11. It was found that several of the cysteine mutants were not effectively S-
acylated by zDHHC17. In addition, the expression of zZDHHC17 was also examined
and it was found that the expression of zDHHC17 was significantly lower in co-
expression with SPRED3 Cys constructs 2 and 5. Overall, the results with cysteine
mutants suggest that several of these cysteine are important for efficient S-acylation
by zDHHC17 and also for the stabilisation of zZDHHC17 mediated by SPREDS3.

Why has the exact location of the alternative binding site in Spry and SPRED proteins
been challenging to identify? Experiments in this thesis have been similar to work that
identified the zDABM of zDHHC17 substrates (Lemonidis et al., 2015a). However, the

zDABM is a linear hexapeptide motif (Lemonidis et al., 2015a), and one possibility is
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that the alternative binding site within the SPR domain may not be linear and thus not
readily apparent in alanine scanning mutagenesis experiments. For example, within
the SPR domain there may be two or more regions of amino acids that are
sequentially distant from one another but are spatially close due to the overall protein
conformation. In this instance, alanine scanning mutagenesis may not prove an

effective tool as only amino acids within a ten aa block are mutated.

The array of modifications that can occur on Spry/SPRED proteins also makes
analysis of these proteins a little more complex. For example, in figure 4.1 A/B, the
phosphorylated band pattern of the Spry proteins changes with and without the
zDHHC enzyme. Without enzyme Spry1 presents as an unphosphorylated band
(lower) and a phosphorylated band (higher); but in the presence of either zZDHHC17
WT or W130A, the phosphorylated band is more prominent (figure 4.1 A). Spry2, has
a differential pattern, where the upper phosphorylated band is only expressed in co-
transfection with zZDHHC17 WT, but not zDHHC17 W130A. The conformation of Spry2
has already been described under different circumstances and involves a delicate
balance of interactions and post-translational modifications (figure 1.8). For instance,
upon FGF stimulation, Y55 of Spry2 becomes phosphorylated which then allows
PP2A binding (Lao et al., 2007b). Once bound, PP2A can dephosphorylate S112 of
Spry2 to expose the cryptic C-terminal proline site — VPTVP (aa 303-307) (Lao et al.,
2006). This SH3 consensus sequence region is able to bind the scaffold protein
ITSN1, which can also disrupt the binding of Spry2 to CBL (a E3-ubiquitin-protein
ligase) and thereby promote EGFR degradation (Okur et al., 2012). Interestingly,
ITSN1 has also previously been shown to bind other S-acylated proteins such as
SNAP25 (Okamoto et al., 1999).

What is the purpose of Spry2 (and other Spry proteins) possessing two zDHHC17
binding sites? One interesting possibility is that the zDABM-ANK17 interaction
provides a means to regulate the timing of Spry2 S-acylation. For example, growth
factor—dependent changes in Spry2 phosphorylation (or some other post-translational
modification) might facilitate reorganisation of Spry2—zDHHC17 complexes, moving
from a zDABM-dependent interaction to an alternative binding mode that facilitates
Spry2 S-acylation, enhanced stability, and plasma membrane targeting (Locatelli et
al., 2020). Conversely, the different binding modes of Spry2 might exert a regulatory
effect on zDHHC17 and in so-doing contribute to the regulation of cellular S-acylation

dynamics. Spry/SPRED proteins have been described to exist in multiple cellular
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locations, such as the plasma membrane (Locatelli et al., 2020, Lim et al., 2002),
membrane ruffles (Lim et al., 2000), actin cytoskeleton (Bundschu et al., 2006),
cytoplasm (King et al., 2005), and even the nucleus (Walker and Land, 2018). It has
also been shown that S-acylation is required for plasma membrane localisation, and
also that it is specific cysteines responsible for this localisation/S-acylation (Locatelli
et al., 2020). This brings into question whether the S-acylation of the specific cysteine
residues within SPRED3 (and other Spry/SPRED proteins) is initially required for

subsequent interaction with zDHHC17.

In figure 4.10, the immunoprecipitation experiments were conducted in co-expression
with zDHHC17 WT, which is still catalytically active and capable of S-acylating
SPRED3. Unlike figure 4.10, earlier binding experiments like those conducted in
figures 4.3 & 4.5 utilised catalytically inert forms of zDHHC17 (either zDHHA or
zDHHS). Therefore, it would be interesting to test if using a catalytically inert form of
zDHHC17, in the co-immunoprecipitation of SPRED3 Cys mutant constructs (figure
4.10) would produce a similar result. Other proteins such as the zDHHC9 accessory
protein, GCP16 (also known as GOLGAY) is a peripheral membrane protein that
targets to Golgi membranes through the S-acylation of two specific cysteine residues
(C69 and C72) (Ohta et al., 2003, Salaun et al., 2020b). The S-acylation of these two
cysteine residues has also been shown to be important for the interaction of GCP16
to zDHHC9 (Mitchell et al., 2014, Salaun et al., 2020b).

Collectively, the results in this chapter provide evidence that Spry and SPRED
proteins use a novel Ank domain-independent and zDABM-independent interaction
mode for S-acylation by zDHHC17. Although, the exact regions of enzyme and
substrate that mediate this interaction have not been identified, the results clearly
support a role for the SPR domain of Spry/SPRED. Interesting questions that arise is
whether other substrates of zDHHC17 also use alternative modes of binding to
zDHHC17? Can multiple substrates bind at the same time to zDHHC17 through
different interaction modes? Does the binding of proteins (such as Spry2) to the
zDABM interaction site in zDHHC17 perturb or regulate the S-acylation of other
substrates? It is clear that the substrate interactions of zZDHHC17 are more complex
than anticipated and involve a mixture of Ank domain-dependent and -independent

mechanisms.
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Conclusions of chapter 4

¢ A novel mode of zDHHC17-substrate binding that is linked to S-acylation has
been identified.

e The presence of zDABM sequence(s) in zDHHC17 substrates does not imply
their role in S-acylation.

e The novel mechanism of recognition/S-acylation for Spry & SPRED proteins
is distinct from the mechanism of SNAP25 recognition/S-acylation by
zDHHC17. Specifically, the zDABM sequence, which is the major interaction

site for zDHHC17 was dispensable for S-acylation and binding.
e |t is proposed that the SPR domain of Spry/SPRED proteins contains an
additional uncharacterized zDHHC17 binding site that is coupled to S-

acylation.

e |tis also speculated that the CRD/DHHC domain of zDHHC17 is the site of

interaction for substrates interacting via this novel mechanism.
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CHAPTER 5

INVESTIGATION OF SPRY2 ACTION ON THE
SARS-COV-2 ACCESSORY PROTEIN ORF3D

152



Chapter 5 - Investigation of Spry2 action on the SARS-CoV-2

accessory protein Orf3d

Introduction

Previously published data showed that zZDHHC17 can stabilise Spry2 (Locatelli et al.,
2020), with results in this thesis also showing that Spry2 can stabilise zZDHHC17
(Chapter 3: figure 3.13 & 3.14). Unpublished work conducted by Dr. Christine Salaun
within the Chamberlain lab identified that the expression of certain cysteine containing
proteins of the SARS-CoV-2 virus could be significantly increased by co-expression
of zDHHCY7 (as well as by other distinct zDHHCs). Specifically, it was found that the
accessory proteins Orf10 and Orf3d show enhanced S-acylation and higher
expression levels when co-expressed with zDHHC7. Further analysis showed that
Orf10 expression was only enhanced by the highly active and promiscuous enzymes,
zDHHC3 and zDHHCY. By contrast, Orf3d expression could be enhanced by a wider
set of enzymes including zDHHCZ2, 3, 7, 15, 17, and 5. Noting that zDHHCS was only
effective at increasing S-acylation of Orf3d when co-expressed with the accessory
protein, GCP16 (Ko et al., 2019).

SARS-CoV-2 is a positive-sense single-stranded RNA virus (Chan et al., 2020,
Machhi et al., 2020). The genome of SARS-CoV-2 is arranged into 14 open reading
frames (Orfs) which encode 31 proteins, grouped into structural, non-structural, and
accessory proteins (Figure 5.0) (Redondo et al., 2021). The recent pandemic has
resulted in increased interest in how viral proteins are regulated, including by S-
acylation. Work from the lab of Dr. Anirban Banerjee identified zDHHC mediated S-
acylation of specific cysteines in the SARS-CoV-2 spike protein (Puthenveetil et al.,
2021). In the same year, it was shown that the S-acylation of spike can enhance virus
infectivity and also control membrane lipid organisation. The team from the lab of
Gisou van der Goot were able to show that lipidation controls spike protein biogenesis
and degradation, thereby driving the formation of lipid nanodomains in the early Golgi
(Mesquita et al., 2021).

153



5000 10000 15000 20000 25000 29000

SARS-CoV-2 genome (29903 bp)

Orfla Orflb
Structural proteins

s ™

1 2 3 4 5 67 8 952 ! M

Non-structural proteins (NSP) 3a
3d Ta 8 9c 10

3b
NCBI reference sequence: NC_045512.2 30

Adapted from Redondo et al., (2021). Accessory proteins (Orf)

Figure 5.0. Schematic representation of SARS-CoV-2 genome organisation.
SARS-CoV-2 is a single-stranded positive-sense RNA molecule of approximately
29,900 nucleotides (NCBI reference sequence: NC_045512.2) arranged into 14 open
reading frames encoding 31 proteins. Orf, open-reading frame; NSP, non-structural
protein; S, spike protein; M, membrane protein; E, envelope protein; N, nucleocapsid

protein. Figure is adapted from Redondo et al., (2021).

Of the accessory proteins of SARS-CoV-2, Orf8 and Orf3d elicit the highest antibody
response in COVID-19 patients and are proposed as potential serological markers of
infection (Hachim et al., 2020). Orf3d is an overlapping gene region of Orf3a, where
the same set of nucleotides can code for different proteins, due to intrinsic ATG (Met)
start codons (UniProtkKB - PODTGO0, ORF3D_SARS2). Orf3d consists of 57 amino
acid (aa) residues, however due to a second start codon further upstream in this
sequence, a shorter 33 aa isoform also exists named Orf3d-2. Current experimental
evidence indicates the presence of both isoforms, but with a higher degree of certainty
for Orf3d-2 (Nelson et al., 2020, Finkel et al., 2021). It is important to note that within
the literature the initial designations for overlapping Orfs in the SARS-CoV-2 genome
have been variably and confusingly referenced. In this case, research into Orf3d has
also been published as Orf3b. In line with a published consensus article on SARS-
CoV-2 nomenclature, the term Orf3d is to be used for the 57-codon gene (which is
studied in this thesis). The term Orf3b is to be used for the 22-codon gene homologous
to the 5' end of Orf3b in SARS-CoV (Jungreis et al., 2021).
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Orf3d contains nine cysteine residues with the potential to be S-acylated (five cysteine
residues within Orf3d-2). Little is currently known about the action or function of Orf3d
(or indeed many of the Orfs), but some evidence has suggested at least one
interaction with that of the mitochondrial protein, stomatin-like protein 2 (STOML2)
(Gordon et al., 2020, Redondo et al., 2021). With regards to the current thesis, it is
interesting to note that Spry4 has been identified as an interactor of Orf3d when
analysed by immunoprecipitation coupled with mass spectrometry (St-Germain et al.,
2020).

The aim of this chapter was to examine if the effects of Spry2 on zZDHHC17 expression
(see Chapter 3) have a subsequent impact on the S-acylation of Orf3d. Alongside this,
the effects of Orf3d on Spry2 S-acylation will be examined to determine if this SARS-
CoV-2 Orf accessory protein can lead to changes in the S-acylation of host cell
proteins. These questions are of added relevance given the reported interaction of
Spry4 (and therefore possibly also Spry2) with Orf3d (St-Germain et al., 2020).
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Results
5.1 Synergistic effect of Spry2 and zDHHC17 on the expression of Orf3d

As discussed in the previous chapters, zDHHC17 and Spry2 have a unigue interaction
that imparts a reciprocal stabilisation of both enzyme and substrate (chapter 3; figure
3.13). Infigure 5.1, the expression of Orf3d was investigated as an indirect way to see
if the stabilisation of zZDHHC17 by Spry2 could also enhance enzyme activity towards

a different substrate.

For this, Strep-1l tagged Orf3d WT was co-expressed with HA-tagged zDHHC17,
zDHHCY7 or the inactive serine to alanine mutant of zDHHC17 (DHHS) together with
either EGFP tagged-Spry2 WT, Spry2 N211A/D214A/K223A (NDK) (S-acylation
deficient mutant), or EGFP alone (negative control for Spry2). Lysates were then
prepared from transfected cells and Orf3d expression examined by immunoblotting.
Mean band intensity of the upper Orf3d immunoreactive band was quantified as a fold

difference relative to Orf3d expressed with zDHHC17, which was set at 1.0.

As can be seen from figure 5.1, zDHHC7 (lane 12) was the most effective enzyme at
enhancing Orf3d expression and is used in these experiments as a positive control.
In contrast, the effects of z-DHHC17 on Orf3d where much lower than zDHHC7, but
still significant (lane 2). Interestingly, Spry2 caused a substantial increase in Orf3d
expression in the presence of zDHHC17 (compare lanes 2 and 6). The synergistic
effect of Spry2 and zDHHC17 on Orf3d expression was dependent upon enzyme
activity as it was not recapitulated with the catalytically inactive zDHHS17 mutant
(lane 10). Furthermore, the effect was specific to WT Spry2 and was not seen with
the Spry2 NDK mutant (S-acylation deficient) (lane 8). As Spry2 is known to stabilise
zDHHC17 (chapter 3; figure 3.13), it was also investigated if doubling the
concentration of the zDHHC17 plasmid (2x17) used for transfection could mimic the
effects of zDHHC17/Spry2 co-transfection. However, there was no significant effect
of increasing zDHHCL17 levels without Spry2 (compare lanes 2 and 3). This data is

consistent with the hypothesis that Spry2 enhances zDHHC17 activity towards Orf3d.
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Figure 5.1. Effect of zDHHC17 and Spry2 on the expression of Orf3d. (A) HEK-
293T cells were co-transfected with plasmids encoding for Strep-Il tagged Orf3d WT,
alongside HA-tagged zDHHC17 WT, zDHHS17 (In17) (as a negative control), or
zDHHC7 (as a positive control), as well as EGFP-tagged Spry2 WT, Spry2
N211A/D214A/K223A (NDK), or EGFP-alone. Representative images of the same
immunoblots showing Strep-Il tagged Orf3d (first panel; IR800), HA-tagged zDHHC/S
enzyme (second panel; IR680), EGFP-tagged Spry?2 (third panel; IR800), and a total
protein stain (TPS) (fourth panel; IR680). The positions of the molecular weight
markers (kDa) are shown on the left side of all immunoblots. (B) Graph showing the
mean band intensity (+ SEM) of Orf3d expression as a fold-difference to that of
zDHHCL17. Error bars represent + SEM. Each replicate is shown with filled circles.
Statistical significance was analysed using a one-way ANOVA with a Tukey’s multiple
comparisons test. ** denotes P < 0.01 and ns = non-significant (only select
comparisons are illustrated), n = 4 for two independent experiments.
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5.2 Spry2 does not enhance the S-acylation of SNAP25 by zDHHC17

Other zDHHC enzymes such as zDHHC5 and zDHHC9, have been shown to require
an activity modulating accessory protein, such as GCP16, for effective S-acylation
activity (Ko et al., 2019, Nguyen et al., 2023). The results shown in figure 5.1 agreed
with the hypothesis that Spry2 can enhance the action of z-DHHC17, at least with
respect to Orf3d. To investigate if this effect of Spry2 extends to other zDHHC17
substrates, a similar experiment was conducted using a well-characterised zDHHC17
substrate, SNAP25 (Lemonidis et al., 2014).

Figure 5.2 shows the S-acylation of SNAP25 by zDHHC17 in the presence of Spry2
using the PEG-acylation method. HEK-293T cells were co-transfected with plasmids
encoding for mCherry-tagged (RFP) SNAP25, alongside EGFP-tagged Spry2 or
EGFP alone (as a control), together with HA-tagged zDHHC17 or pEF-BOS-HA (as a
control). Cells were incubated for 4 h with 100 uM of either palmitic acid-azide (+) or
palmitic acid (-) as a control. Once palmitic acid-azide is incorporated on to the protein
via S-acylation, alkyne-PEG5K (polyethylene glycol, 5 kDa) can be reacted with the
azide group thereby increasing protein mass by approximately 5 kDa per attached

fatty acid.

From the first panel of the representative immunoblot in figure 5.2, it can be seen that
although zDHHC17 increased SNAP25 S-acylation, there was no further increase in
SNAP25 S-acylation when Spry2 was also present (figure 5.2 B). Note that, as
discussed in previous chapters, the expression of Spry2 is higher when co-expressed
with zZDHHC17. The S-acylation of Spry2 by zDHHC17 and the auto-acylation of the
enzyme (which shows no change with or without Spry2) can also be observed in the
second and third panels, respectively (figure 5.2 A). Together these results argue that
Spry2 is not a general modulator of zZDHHC17 enzymatic activity because it does not
affect all substrates. This instead suggests that the effects of Spry2 are more specific
to Orf3d. This experiment was only performed once with two replicates and so

statistical analysis was not possible.

158



SNAP25

+ - +
kDa —- + - + = + —- +
85 =
-— ——
47_-_.  m ———
118 = '.l
-
47 — .
e see
85 =t .
- e e

85— 1

47 —

ZDHHC17
Spry2

RFP (SNAP25)

(IR680)

EGFP (Spry2)
(IR800)

HA (zDHHC17)

(IR680)

TPS
(IR680)

S-acylation of SNAP25 (AU)

80-
60
40-
-
20
0
+ Spry2
ZDHHCA17

SNAP25

Figure 5.2. S-acylation of SNAP25 by zDHHC17 in the presence of Spry2. HEK-
293T cells were co-transfected with plasmids encoding for mCherry-tagged SNAP25
alongside EGFP-tagged Spry2 or EGFP, and HA-tagged zDHHC17 or pEF-BOS-HA

(as a control). Cells were incubated for 4 h with 100 uM of either palmitic acid-azide

(+) or unconjugated palmitic acid (-). Once incorporated via S-acylation, alkyne-

PEGS5K (polyethylene glycol, 5 kDa) conjugates through alkyne-azide click chemistry,

thereby increasing protein mass by approximately 5 kDa per fatty acid attachment.

Representative images showing mCherry-tagged SNAP25 (first panel; IR680),
EGFP-tagged Spry or EGFP (second panel; IR800), HA-tagged zDHHC17 (third
panel; IR680), and a total protein stain (TPS) (fourth panel;, IR680). The of the

molecular weight markers (kDa) are shown on the left side of all immunoblots. n = 2

from one experiment.
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5.3 The effects of SPRED proteins and Spry2 mutants on Orf3d expression

Although the results of figure 5.1 indicated that Spry2 enhanced the effects of
zDHHC17 on Orf3d expression, a similar effect was not seen for S-acylation of
SNAP25. This initial data reveals a potential unique connection between Orf3d,
zDHHC17 and Spry2. To further explore the interaction between the three proteins,
additional constructs were tested for their efficacy in enhancing the zDHHC17-
mediated increase in Orf3d expression. These constructs included Spry2 P154A,
Spry2 C265/268A (DM) and Spry2 N211A/D214A/K223A (figure 5.3 A). In addition,
the effects of SPRED1/2/3 proteins on Orf3d expression were also investigated, as
other work in this thesis (chapter 3 & 4) has identified differences in the S-acylation of
these proteins and their interactions with zDHHC17. To compare the effects of these
proteins on Orf3d expression, similar experiments were undertaken to that shown in
figure 5.1.

In figure 5.3 A/B, HEK-293T cells were transfected with plasmids encoding for Strep-
Il tagged Orf3d WT, as well as EGFP-tagged Spry2 WT, Spry2 C265/268A (DM),
Spry2 P154A (P154A) or Spry2 N211A/D214A/K223A (NDK) with and without HA-
tagged zDHHC17. HA-tagged zDHHC7 was also used with and without Spry2 as a
positive control; these zDHHC7 samples are shown in representative immunoblots
but not included in quantified graphs. The results of these experiments showed that
the DM and P154A mutants were able to enhance Orf3d levels but to a lower extent
than that of Spry2 WT. In contrast, the NDK mutant did not have any stabilisation
effect on Spry2, a result which was also seen in figure 5.1 above. This experiment
was only performed once, and so statistical comparisons are not shown in the figure.
The data in figure 5.3 C/D show results from HEK-293T cells that were transfected
with plasmids encoding for Strep-Il tagged Orf3d WT, together with EGFP-tagged
Spry2 WT, SPRED1 WT, SPRED2 WT or SPRED3 WT, and with or without HA-
tagged zDHHC17. HA-tagged zDHHC7 was also used with and without Spry2 as a
positive control; and is shown in representative immunoblots but not included in
quantified graphs. Interestingly, the stabilisation of Orf3d was only seen with Spry2
and SPRED3 (co-expressed with zDHHC17), whereas SPRED1 and SPRED2 had
no stabilising effect on the Orf3d protein. The level of increased Orf3d expression was
not significantly different between cells transfected with Spry2 and SPRED3. The
results of chapter 3 indicated that Spry2 and SPRED3 are effectively S-acylated by
zDHHC17 (figure 3.4), whereas SPRED1 and SPRED2 are not (figure 3.3),
suggesting that effective S-acylation of Spry/SPRED proteins could be a required for
their effects on the zDHHC17-mediated increase in expression of Orf3d.
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Figure 5.3. Effect of Spry2 S-acylation deficient mutants and SPRED1/2/3 on the
expression of Orf3d. (A) HEK-293T cells were co-transfected plasmids encoding for
with Strep-Il tagged Orf3d WT, with HA-tagged zDHHC17 WT or zZDHHC7 WT, and
either EGFP-tagged Spry2 WT (SY2), Spry2 C265A/268A (DM), Spry2 P154A
(P154A), or Spry2 N211A/D214A/K223A (NDK). Representative images of the same
samples showing Strep-Il tagged Orf3d (first panel; IR800), HA-tagged zDHHC17 or
zDHHCY7 (second panel; IR680), EGFP-tagged Spry/SPRED (third panel; IR800), and
a total protein stain (TPS) (fourth panel; IR680). The positions of the molecular weight
markers (kDa) are shown on the left side of all immunoblots. (B) Graph showing the
mean band intensity (x SEM) of Orf3d as a fold-difference to that of with samples
containing zDHHC17 + Spry2 WT. n = 2 from one experiment. (C) HEK-293T cells
were co-transfected with plasmids encoding for Strep-Il tagged Orf3d WT with HA-
tagged zDHHC17 WT or zDHHC7 WT, and either EGFP-tagged Spry2 WT (SY2),
SPRED1 (SD1), SPRED2 (SD2) or SPRED3 (SD3). Representative images of the
same samples are shown for Strep-Il tagged Orf3d (first panel; IR800), HA-tagged
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zDHHC17 or zDHHC7 (second panel; IR680), EGFP-tagged Spry/SPRED (third
panel; IR800), and a total protein stain (TPS) (fourth panel; IR680). The positions of
the molecular weight markers (kDa) are shown on the left side of all immunoblots. (D)
Graph showing the mean band intensity (x SEM) of Orf3d expression as a fold-
difference to that of samples containing both zDHHC17 + Spry2 WT. Error bars
represent + SEM. Each replicate is shown with filled circles. Statistical significance
was analysed using unpaired t-tests compared to zDHHC17 + Spry2 WT. **** denotes
P < 0.0001 and ns = non-significant (only select comparisons are illustrated), n = 4

for two independent experiments.

5.4 Several zDHHC enzyme isoforms are capable of enhancing Orf3d levels
both with and without Spry2

In line with the overall focus of the thesis, the initial analysis in this chapter has been
on zDHHC17. To extend on this initial analysis, a screen of all 23 zDHHC enzymes
was conducted to identify which enzyme isoforms had an effect on the expression of
Orf3d. HEK-293T cells were co-transfected with Strep-Il tagged Orf3d WT together
with HA-tagged zDHHC1-23 and either EGFP-tagged Spry2 WT or EGFP. Proteins
were resolved by SDS-PAGE and examined by immunoblotting, with zDHHC7 as a
comparative positive control on each immunoblot. All values are given as a fold-
difference relative to the expression of Orf3d in the presence of zDHHC7. This

experiment was conducted only once, and so no statistical analysis was possible.

Immunoblots are shown in figures 5.4 A-E, with quantified data shown in figures 5.4
F-J. The expression of either zDHHC 2, 3, 7, 15, or 17 was associated with the
greatest increases in Orf3d expression. zDHHC 2, 3, and 15 showed high Orf3d
expression without Spry2, whereas zDHHC17 showed lower levels of Orf3d
expression without Spry2. For each of these enzymes, when Spry2 was also co-
expressed there was a further increase in Orf3d expression. zDHHC7 showed the
highest expression in Orf3d expression both with and without Spry2. No other z-DHHC
enzymes were able to effectively enhance Orf3d expression with or without Spry2. It
should also be noted that Cherry-Spry2 used in this experiment was not well

expressed explaining why it does not enhance the levels or Orf3d (panels D and I).

Although only performed once, this zDHHC screen has been undertaken by Dr.

Christine Salaun with similar results (not shown).
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Figure 5.4. Analysis of the effects of all 23 zDHHC enzymes on Orf3d expression
with and without Spry2

(A-E) HEK-293T cells were transfected with plasmids encoding for Strep-Il -tagged
Orf3d WT together with EGFP-tagged Spry2 or EGFP (or Cherry-tagged Spry2, and
the respective HA-tagged zDHHC enzymes — (A) zDHHC 1-5, (B) zDHHC 6-10, (C)
zDHHC 11-15, (D) zDHHC 16-19, (E) zDHHC 20 — 23, (A-E). All immunoblots also
included zDHHCY (as a comparative control). Representative images showing Strep
ll-tagged Orf3d (first panel; IR800), HA-tagged zDHHC enzymes (second panel;
IR680), EGFP-tagged Spry2 or EGFP alone (third panel; IR800), and a total protein
stain (TPS) (bottom panel; IR680). Cherry-tagged Spry?2 is also shown (panel D only,
fourth panel; IR680). The positions of the molecular weight markers (kDa) are shown
on the left side of all immunoblots. (F-J) Graphs showing the mean fold change in
Orf3d expression with different zDHHC enzymes in the presence or absence of Spry2
— (F) zDHHC 1-5, (G) zDHHC 6-10, (H) zDHHC 11-15, (I) zDHHC 16-19, (J) zDHHC
20 — 23. The quantified data is normalised relative to the expression of Orf3d with

zDHHC?7. n = 1 for a single experiment.
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5.5 Spry2 does not influence the zDHHC enzymes mediated stability of Orf3d

Previously published data has shown that zDHHC17 can stabilise Spry2 (Locatelli et
al., 2020), which is further expanded on in figures 3.13 and 3.14 of this thesis, which
show that Spry2 can also stabilise zDHHC17. Added to this, the results of figure 5.4
revealed that the enhancement of Orf3d expression is unique to certain zDHHC
enzymes, and also that the effect of Spry2 is seen with all of these enzymes. The
initial hypothesis that we were investigating in this chapter was that effects of Spry2
on zDHHC17 expression might promote subsequent changes in Orf3d S-acylation.
However, the results in this chapter so far suggest that this hypothesis may not be
correct as Spry2 exerts effects when expressed together with any enzyme that can
modify Orf3d. Therefore, an alternative hypothesis is that Spry2 may be preventing
the degradation of Orf3d or changing the conformation of the protein to enhance its

S-acylation.

To further investigate the effects of Spry2 on Orf3d degradation, cycloheximide chase
assays were performed using the zDHHC enzymes identified in figure 5.4. For this,
HEK-293T cells were transfected with plasmids encoding for Strep Il tagged Orf3d
WT, with or without EGFP-tagged Spry2, and in the presence of either HA- tagged
zDHHC2 (figure 5.5 A), zDHHCS3 (figure 5.5 B), zDHHCY7, (figure 5.5 C), or zDHHC17
(figure 5.5 D). Cells were subsequently incubated with 50 yg/ml cycloheximide for
either 0, 2.5, or 5 hours before lysates were resolved by SDS-PAGE and analysed by
immunoblotting. In each independent experiment, Orf3d expression at each timepoint

was quantified relative to the respective 0-hour sample.

For all zDHHC enzymes tested there was a greater than 60% loss of Orf3d expression
after 5 hours. As can be seen from the quantified data (figure 5.5 E-H), Spry2 had no
observable effects on Orf3d degradation at any time point or with any zDHHC
enzyme. Therefore, although Spry2 expression increases the steady state levels of
Orf3d, cycloheximide experiments suggest that this is not due to the inhibition of its
degradation. Instead, it might be that Spry2 is enhancing S-acylation of Orf3d by

altering its conformation to make it more accessible to zDHHC enzymes.
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Figure 5.5. Turnover of Orf3d in the presence of zDHHC 2, 3, 7, & 17, with and
without Spry2. (A-D) Western blots showing the expression of Orf3d in the presence
of zDHHC enzymes, over 2.5- and 5-hours following addition of cycloheximide. HEK-
293T cells were transfected with plasmids encoding for Strep-ll-tagged Orf3d WT,
together with EGFP-tagged Spry2 or EGFP, and HA-tagged zDHHC enzymes — (A)
zDHHC2, (B) zDHHCS3, (C) zDHHC?7, (D) zDHHC17. Representative images showing
Strep-ll-tagged Orf3d (first panel; IR800), EGFP-tagged Spry2 or EGFP alone
(second panel; IR800), HA-tagged zDHHC enzymes (third panel; IR680), and a total
protein stain (TPS) (fourth panel; IR680). The positions of the molecular weight
markers (kDa) are shown on the left side of all immunoblots. (E-H) Quantified data
showing the reduction in Orf3d expression at different time points following addition
of cycloheximide relative to time 0. (E) zDHHC?2, (F) zDHHC3, (G) zDHHC7, (H)
zDHHC17, in the presence/absence of Spry2. Orf3d (IR800) intensity values were
divided by the corresponding intensity value of the TPS in each sample/lane
(HA/TPS). Statistical significance was analysed using a two-way ANOVA with Sidak's
multiple comparisons test. n = 5/6, for three independent experiments. Comparing the
expression of Orf3d in the presence of Spry2 WT at each time point there was no

significant difference at any time point.
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5.6 Bioinformatic analysis of Orf3d structure

Understanding the structural features of proteins is important to fully decipher their
interactions with other proteins. For instance, Spry/SPRED proteins were identified
through peptide array screening for potential zDHHC17 substrates based on the
presence of a zZDABM sequence (Lemonidis et al., 2017a). For Orf3d, little is currently
known about its structure or function. Since Orf3d is a novel protein with no known
homology to other annotated proteins, current bioinformatic/proteomic databases do
not contain substantial and/or reliable reference data. For example, the UniProt
database provides an “annotation score” based on a heuristic measure of annotation
content for a UniProtKB entry or proteome. Bioinformatic entries for both Spry2
(SPY2_HUMAN) and zDHHC17 (ZDH17_HUMAN) score a rating of 5/5 for database
content, whereas Orf3d (ORF3D_SARS2) only scores 1/5 (Consortium, 2022).

In figure 5.6.1, secondary structure predictions of Orf3d were generated using the
UCL bioinformatics group PSIPRED Server workbench 4.0 (Jones, 1999, Buchan and
Jones, 2019). This gave information about amino acid properties (figure 5.6.1 A) and
predicted a secondary structure based on the properties of these residues (figure
5.6.1 B/C). For reference, the Orf3d-2 isoform initiates from the methionine at position
25. It can be seen from figure 5.6.1 B/C, that the N-terminal end of Orf3d has a
propensity to be disordered, followed by downstream regions that contain multiple
alpha helices separated by disordered regions. Other notable features in figure 5.6.1
A are a higher density of aromatic/cysteine residues at the N and C terminal ends
(shown in blue), and a polar region between amino acids E14 to E24 (shown in red).
It could also be inferred that the region between aa M25 to P50 has a higher
concentration of small non-polar/hydrophobic residues (show in orange/green

respectively).

Furthering the information in figure 5.6.2, AlphaFold monomeric protein structure
predictions of both full length Orf3d (55 aa) and the truncated isoform Orf3d-2 (33 aa)
were generated using Google ColabFold AlphaFold2 (Phenix version) (Mirdita et al.,
bioRxiv, 2021) based on AlphaFold by DeepMind and EMBL-EBI (Jumper et al., 2021,
Varadi et al., 2022). It can be seen from figure 5.6.2, that in good agreement with the
PSIPRED secondary structure prediction (figure 5.6.1), Orf3d is modelled to contain
two alpha helices both separated and flanked by a disordered region. Orf3d-2 (which
is 22 aa shorter at the N-terminus) is only modelled to contain the second distal alpha

helix.
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The information from both figures 5.6.1 and 5.6.2 both predict the presence of an
alpha helix within both Orf3d and Orf3d-2. The residues within the AlphaFold-
predicted helix of Orf3d (aa 30-47 aa) were further analysed by generating a helical
wheel projection using the NetWheels online application (figure 5.6.3) (Mdl, Castro
and Fontes, 2018). The projection in figure 5.6.3 B revealed the presence of
oppositely charged sides to the alpha helix, with one side being more polar and the
other side predominantly non-polar. Also, the three cysteine residues within this helix

are situated on the non-polar face of the helix.

The properties of Orf3d can be further analysed by analysing the hydrophobicity of
the protein throughout the sequence. In figure 5.6.4, the Kyte & Doolittle Hydropathy
scale (Kyte and Doolittle, 1982) was used to generate a hydropathy plot via the
ProtScale resource from the Swiss Bioinformatics Resource Portal, ExPASy (Wilkins
et al., 1999), where a hydropathy score of > 0 indicates hydrophobicity and a score of
< 0 indicates hydrophilicity. In Orf3d, amino acids at positions 13 — 28 all gave a
hydropathy score of < 0, with a minimum score of -2.711 at position 19. Amino acids
at positions 29 — 53 gave a hydropathy score of > 0, with a maximum score of 2.756

at position 39.

To see if a featured-based function could be predicted for Orf3d, the FFPRED 3
feature (Cozzetto et al., 2016) from the UCL bioinformatics group PISPRED Server
workbench 4.0 (Jones, 1999; Buchan and Jones, 2019) to assign Gene Ontology
terms (Ashburner et al., 2000; Consortium et al., 2023) to eukaryotic protein chains
was utilised. The outputs from the server, shown in figure 5.6.5, generated predictions
for potential biological processes, molecular function, and a cellular component, which
are given in figure 5.6.5. Although more predictions were generated only those with
the highest degree of reliability and probability ( > 0.9) are shown. This included
biological process predictions for Orf3d in the regulation of nitrogen compound
metabolic processes, the regulation of RNA metabolic processes, and/or the
regulation of gene expression. The output also included molecular function
predictions which includes roles for Orf3d in zinc ion binding, ion transmembrane
transporter activity, nucleic acid binding, and/or DNA binding. In addition, cellular
component predictions were of Orf3d being associated with membranes,
mitochondria, mitochondrial membranes, or as an integral component of membranes
(figure 5.6.5).
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Figure 5.6.1. Residue properties and secondary structure prediction of Orf3d.
Secondary structure prediction of Orf3d; UniProt: PODTGO (ORF3D_SARS2).
Generated using the UCL bioinformatics group PISPRED Server workbench 4.0
(Jones, 1999, Buchan and Jones, 2019). (A) Sequence plot of Orf3d illustrating amino
acid types and properties. (B) Sequence plot of Orf3d illustrating secondary structure
prediction. (C) Cartoon schematic of Orf3d secondary structure prediction including

confidence of prediction.
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ORF3d

ORF3d-2

Figure 5.6.2. AlphaFold predictions of the structure of Orf3d and Orf3d-2. (A)
AlphaFold protein structure prediction models of full length Orf3d (55 aa) and
truncated isoform Orf3d-2 (33 aa), UniProt: PODTGO (ORF3D_SARS2 Monomeric
prediction modelled using Google ColabFold AlphaFold2 (Phenix version) (Mirdita et
al., bioRxiv, 2021) based on AlphaFold by DeepMind and EMBL-EBI (Jumper et al.,
2021; Varadi et al., 2022). Orf3d/d-2 protein chain is shown in green with N- and C-

terminal ends indicated.
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Figure 5.6.3. NetWheels projections of the distal alpha-helix of Orf3d. (A)
AlphaFold protein structure prediction models of full length Orf3d (55 aa); UniProt:
PODTGO (ORF3D_SARS?2) (also shown in figure 5.7). Monomeric prediction modelled
using Google ColabFold AlphaFold2 (Phenix version) (Mirdita et al., bioRxiv, 2021)
based on AlphaFold by DeepMind and EMBL-EBI (Jumper et al., 2021; Varadi et al.,
2022). Orf3d protein chain is shown in green with N- and C- terminal ends indicated.
(B) Helical wheel projection of the predicted “distal” alpha helix of Orf3d (sequence
30-47 aa - LQGCSLCLQLAVVVCNSL) generated using the NetWheels online
application (Mél et al., 2018). Cysteine residues C33, C36, and C45 are indicated in

white, with non-polar residues in yellow, and polar residues in green.
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ProtScale output for ORF3D_SARS2
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MAYCWRCTSCCFSERFQNHNPQKEMATSTLQGCSLCLQLAVVVCNSLLTPFARCCWP

Using the scale Hydropath. / Kyte & Doolittle, the individual score values for the 20 amino acids:
Ala: 1.800 Arg: -4.500  Asn:-3.500 Asp:-3.500 Cys: 2500 GIn: -3.500
Glu: -3.500  Gly: -0.400  His: -3.200  lle: 4.500 Leu: 3.800  Lys:-3.900
Met: 1.900 Phe: 2.800 Pro:-1.600  Ser:-0.800  Thr:-0.700 Trp: -0.900
Tyr:-1.300  Val: 4.200 :-3.500 :-3.500 :-0.490

Figure 5.6.4. Kyte & Doolittle hydropathy plot of Orf3d. Evaluation of the
hydrophilicity and hydrophobicity of a Orf3d along its amino acid sequence using the
Kyte & Doolittle hydropathy scale (Kyte and Doolittle, 1982). Hydropathy plot
generated using the ProtScale resource from Swiss bioinformatics resource portal,

ExPASy (Wilkins et al., 1999).
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Feature-based function prediction - FFPred 3

Name Gene Ontology (GO) term

Biological process predictions

Regulation of metabolic process G0O:0019222
Regulation of nitrogen compound metabolic process G0O:0051171
Regulation of RNA metabolic process GO:0051252
Regulation of gene expression G0O:0010468
Zinc ion binding G0:0008270

lon transmembrane transporter activity GO0:0015075
Nucleic acid binding GO:0003676

DNA binding GO:0003677
Mitochondrial membrane G0O:0031966
Membrane G0:0016020
Mitochondrion G0O:0005739

Integral component of membrane G0O:0016021

Figure 5.6.5. FFPred3 predictions of Orf3d function. Prediction of Orf3d biological
processes, molecular function, and cellular component using the FFPRED 3 feature
(Cozzetto et al., 2016) from the UCL bioinformatics group PISPRED Server
workbench 4.0 (Jones, 1999, Buchan and Jones, 2019) to assign Gene Ontology
terms (Consortium et al., 2023, Ashburner et al., 2000) to eukaryotic protein chains.
Functions generated above those that meet both a high support vector machine
(SVM) reliability and a probability greater than 0.900.
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5.7 Spry2 can also enhance the expression levels of Orf3d-2

As previously discussed, two different isoforms of Orf3d might be expressed by
SARS-CoV-2. Orf3d is made up of 57 amino acids, whereas Orf3d-2 initiates
downstream at Met 25, making this isoform 33 amino acids in length. Current
experimental evidence has even suggested that Orf3d-2 is more likely to be
expressed than the longer isoform (Nelson et al., 2020; Finkel et al., 2021). Results
in figure 5.6.2, indicate that Orf3d-2 retains the secondary structure of Orf3d despite
being shorter in length. It was therefore of interest to compare the effects of zZDHHC

enzymes and Spry2 on Orf3d-2 and Orf3d expression.

HEK-293T cells were transfected with either C-terminally tagged Orf3d-Myc WT or
Orf3d-2-Myc WT, together with either EGFP-tagged Spry2 or EGFP, and either
zDHHC7 or pEF-BOS-HA. zDHHC7 was used in these experiments as previous
results indicated that this enzyme promoted the greatest increase in expression of
Orf3d (figure 5.4 B). To ensure that the previously presented results were due to
zDHHC/Spry2 specific effects and not due to unexpected off target effects of the
Strep-II plasmid (pLXV-EF 1alpha-2xStrep-SARS-CoV-2-orf3b-IRES-Puro). A different
plasmid vector (pcDNA3.1 Myc-His) was used in these experiments to express both
Orf3d and Orf3d-2 with a C-terminal Myc-tag (and not an N-terminal Strep-Il tag as
before). Proteins were resolved by SDS-PAGE and analysed by Western blotting, and
for quantification all mean intensity values were normalised to the highest value on

each immunoblot.

The results of figure 5.7 reveal that expression of Orf3d-2 was enhanced by zDHHC7
to a similar level as seen for Orf3d. Both Orf3d and Orf3d-2 also exhibited a further
increase in expression in the presence of both zDHHC7 and Spry2, with Orf3d-2
showing a greater increase in expression than Orf3d in these conditions. In contrast,
neither Orf3d nor Orf3d-2 showed an increase in expression when co-transfected with

Spry2 alone.
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Figure 5.7. Spry2 can also enhance the expression of Orf3d-2. (A) HEK-293T
cells were co-transfected with HA-tagged zDHHC7 WT or pEF-BOS-HA, together with
plasmids encoding for C-terminal Myc-tagged Orf3d WT or Orf3d-2 WT, and either
EGFP-tagged Spry2 or EGFP. Representative images of the same samples showing
Myc-tagged Orf3d/d-2 (first panel; IR800), EGFP-tagged Spry2 or EGFP (second
panel; IR800), HA-tagged zDHHC?7 (third panel; IR680), and a total protein stain
(TPS) (bottom panel; IR680). The positions of the molecular weight markers (kDa) are

shown on the left side of all immunoblots. (B) Graph showing the expression of Orf3d

and Orf3d-2 in the presence and absence of Spry2 and zDHHC7. Mean intensity

values were normalised to the highest value on each immunoblot. Error bars

represent £+ SEM. Each replicate is shown with filled circles. All differences were

analysed by unpaired t-test. *** denotes p < 0.001, ** denotes p < 0.01, * denotes p <

0.05. n = 4, for two independent experiments.
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5.8 Cysteine substitutions of Orf3d reveal residues critical for expression.

The results in this chapter have shown that expression of Orf3d is enhanced by
zDHHC enzyme co-expression. To confirm that these changes in expression are
linked to Orf3d S-acylation, cysteine to alanine substitution constructs of Orf3d were

generated (figure 5.8 A).

HEK-293T cells were co-transfected with HA-tagged zDHHC7 WT along with
plasmids encoding for Strep-Il tagged Orf3d WT, Orf3d M1 (C4/7/10/11A), Orf3d M2
(C33/36/44A), or Orf3d M3 (C54/55A), as well as EGFP-tagged Spry2 or EGFP (figure
5.8). Lysates were resolved by SDS-PAGE and analysed by western blotting (figure
5.8 C), where all mean intensity values were normalised to the highest value on each
immunoblot. A schematic representation of the three Orf3d Cys mutants (M1, M2, &
M3) is shown in figure 5.8 A. The mutant constructs were generated in groups where:
M1 has the initial four cysteines (C4/7/10/11A) contained within the first helix/strand
region substituted, M2 has the next three cysteines (C33/36/44A) replaced, which
would be in a second distal helix region, and M3 has final two cysteines at the C-
terminal end of the protein (C54/55A) substituted (figure 3.8 B).

The results in figure 5.8 D show that both Orf3d M1 and M2 mutants are effectively
stabilised by zDHHC7, with M1 showing a similar level of expression as the WT
construct and M2 showing a greater level of expression. In addition, both of these
mutants displayed a further significant increase in expression in the presence of
Spry2. In contrast, the M3 mutant was expressed at very low levels when co-

transfected with zDHHC7 and also showed no change with Spry2 (figure 3.8 D).

Interestingly, each of the different Orf3d mutant constructs exhibited a different
molecular mass band on SDS gels, which might reflect changes in S-acylation (figure
3.8 C). Orf3d WT showed the highest molecular weight, M1 (four Cys mutated)
showed the lowest molecular weight, with M2 (three Cys mutated), and M3 (two Cys

mutated) exhibiting intermediate sizes (figure 3.8 C).
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Figure 5.8. Analysis of the effects of zDHHC7 and Spry2 on expression of Spry2

cysteine mutants. (A) Schematic representation of cysteine residues within the

Orf3d construct. Cysteine residues within each mutant construct are grouped and
indicated in coloured boxes - Orf3d M1 (C4/7/10/11A) (red), Orf3d M2 (C33/36/44A)
(blue), and Orf3d M3 (C54/55A) (green). (B) Secondary structure prediction of Orf3d
(also show in figure 5.6.1 B) generated using the UCL bioinformatics group PISPRED
Server workbench 4.0 (Jones, 1999, Buchan and Jones, 2019). (C) HEK-293T cells
were co-transfected with HA-tagged zDHHC7 WT together with plasmids encoding
for Strep-Il tagged Orf3d WT, Orf3d M1 (C4/7/10/11A), Orf3d M2 (C33/36/44A), or
Orf3d M3 (C54/55A), and either EGFP-tagged Spry2 or EGFP. Representative

178



images of the same samples showing Strep-Il tagged Orf3d (first panel; IR800),
EGFP-tagged Spry2 or EGFP (second panel; IR800), HA-tagged zDHHC7 (third
panel; IR680), and a total protein stain (TPS) (fourth panel; IR680). The positions of
the molecular weight markers (kDa) are shown on the left side of all immunoblots. (D)
Graph showing expression of Orf3d in the presence of zDHHC?7, with and without
Spry2. (E) Graph showing the fold change in expression of Orf3d in the presence of
zDHHC?7, with and without Spry2 (Spry2 (+)/EGFP (-)). Error bars represent + SEM.
Each replicate is shown with filled circles. All differences were analysed by unpaired
t-test. **** denotes p < 0.0001, *** denotes p < 0.001, ** denotes p<0.01.n=6 (n=

3 for WT), for three independent experiments.

5.9 Zinc salts change the expression pattern of Orf3d

One of the highest scoring outputs of molecular function from figure 5.6.5 was the
prediction that Orf3d would be able to bind zinc ions. Within proteins, Zn?* can bind
amino acid ligands, most frequently to His, Glu, Asp, and Cys residues, to facilitate
protein structure or catalytic activity (Auld, 2013). To determine if Zn?* might play a
role in the relationship between Orf3d and zDHHC7, HEK-293T cells were co-
transfected with Strep-Il tagged Orf3d WT, along with plasmids encoding for either
HA-tagged zDHHC7 WT or pEF-BOS-HA. Cells were incubated for 4 hours with 100
MM of salt, either: Sodium Chloride (NaCl), Magnesium Chloride (MgCl,), Zinc
Chloride (ZnClz), Sodium Sulphate (Na>SQO4), Magnesium Sulphate (MgSQa), or Zinc
Sulphate (ZnS0Os). After incubation cells, lysates were resolved by SDS-PAGE and

analysed by immunoblotting.

It can be seen from figure 5.9, that when co-expressed with zDHHC?7 the expression
of Orf3d visibly shifts to a lower molecular weight band after incubation with either of
the zinc salts (ZnCl; or ZnSQO,). This band shift is not seen with any of the other
conditions or controls, suggesting that Zn ions/salts may interfere with Orf3d S-
acylation. In the samples without zZDHHC enzyme it is also noticeable that the Orf3d
is better expressed in the samples which contain zinc salts. Although this experiment
provides some intriguing initial results, it will be important to understand why these

changes are occurring in follow up experiments.
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5.9. Expression of Orf3d in the presence of different salts. HEK-293T cells were
co-transfected Strep-Il tagged Orf3d WT, together with plasmids encoding for either
HA-tagged zDHHC7 WT or pEF-BOS-HA. Cells were incubated for 4 hours with uM
of salt, either: Sodium Chloride (NaCl), Magnesium Chloride (ZnCl;), Zinc Chloride
(ZnCl;), Sodium Sulphate (Na>0.4), Magnesium Sulphate (MgSQ,), or Zinc Sulphate
(ZnSQ.). After incubation, cell lysates were resolved by SDS-PAGE and analysed by
immunoblotting. Representative images of the same samples showing Strep-Il tagged
Orf3d (top panel; IR800), HA-tagged zDHHC7 (middle; IR680), and a total protein
stain (TPS) (bottom panel; IR680). The positions of the molecular weight markers

(kDa) are shown on the left side of all immunoblots (n=1).
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Discussion

SARS-CoV-2 is part of the wider coronavirus family and has become a worldwide
pandemic for infection in human and the causation of the respiratory illness COVID-
19 (To et al., 2021). Currently, the most successful treatment for COVID-19 is to
provide acquired immunity to SARS-CoV-2 via a series of vaccines (Ghazy et al.,
2022). According to the World Health Organisation (W.H.O) as of the 24" of October
2023, a total of 13,534,457,273 vaccine doses have been administered. However,
vaccine uptake across the globe has been varied due to a variety of economic,
political, and social factors including vaccine hesitancy within the general population
(Lazarus et al., 2023). Vaccines have been proven effective, especially in the
attenuation of severe COVID-19 cases and the prevention of death caused by the
virus (Yang et al., 2023). However, very few drugs have currently been developed
and/or been found effective for the inhibition of SARS-CoV-2. There has been some
success with antivirals such as Nirmatrelvir/Ritonavir (Paxlovid), which is a protease
inhibitor developed by Pfizer to target the main protease (MP™) of SARS-CoV-2.
Where compared to the placebo Paxlovid significantly reduced COVID-19 related
hospitalisation or death from any cause by 88% (FDA, 2021, Lee et al., 2022).

Understanding the molecular mechanisms that underpin viral protein structure,
function or interaction is crucial to discovering druggable targets and developing
therapeutics. Typically, this has included targeting the structural proteins of SARS-
CoV-2 (S (spike), E (envelope), M (membrane), and N (nucleocapsid) proteins) (Wu
et al., 2020). However, analysis of other potential targets has included investigations
into SAR-CoV accessory proteins, such as Orf7a which is characterised as a
coronavirus virulence factor, along with the non-structural proteins (NSP), NSP1, and
NSP3c (Wu et al., 2020). Orf7a has been shown to interfere with the host’s innate
immunity and assist coronavirus immune escape by preventing virion tethering
(Taylor et al., 2015). Orf7a achieves this through inhibiting glycosylation of the antiviral
protein Bone marrow stromal antigen 2 (BST-2; also known as Tetherin) (Wu et al.,
2020, Taylor et al., 2015).

Of the accessory proteins, Orf8 and Orf3d elicit the highest antibody response in
COVID-19 patients and are proposed as potential serological markers of infection
(Hachim et al., 2020). However, the exact function of Orf3d is still to be determined.
One study which investigated Orf3d (referred to in the study as Orf3b, 57 aa) using a

dual luciferase reporter assay in 293FT cells gave evidence for Orf3d as a potent

181



interferon (IFN) antagonist (Lam et al., 2020). The same study also showed that 13
amino acids (1-MAYCWRCTSCCFS-13) of Orf3d alone are ineffective as an
antagonist of IFNB-luciferase. Targeting IFN pathways has been widely investigated
in viral therapeutics, as IFNs (such as IFN-1) are innate anti-viral cytokines that act
as one of the first-lines of defence in viral suppression (Kim and Shin, 2021).
Therefore, if Orf3d has a role in reducing IFN this could help promote favourable

conditions for SARS-CoV-2 infection and replication.

Involvement of Spry and SPRED proteins in the zZDHHC mediated expression of Orf3d

The S-acylation of Orf3d by specific zDHHC enzymes such as zDHHC?7 results in a
dramatic increase in expression. Initial investigations by Dr. Christine Salaun
identified that zDHHC17 was also able to enhance the expression of Orf3d. Enhanced
levels of Orf3d provide an easy readout of the S-acylation activity, making the viral
protein a good candidate as an indicator to investigate if Spry2 could modulate
zDHHC17 activity, in addition to exploring the effects of Spry2 on Orf3d S-acylation
more widely. In figure 5.1, increased expression of Orf3d occurred to a small degree
with zDHHC17 but was dramatically enhanced when Spry2 was also present, thus
revealing a potential co-operative interaction between Spry2 and zDHHC17. In line
with data presented in chapter 3 suggesting that the S-acylation deficient
N211/D214/K223A (NDK) mutant of Spry2 has a loss of function, this mutant was also
found to abrogate the effect of Spry2 on Orf3d expression (figure 5.1).

The underlying properties of Spry2 that lead to an increase in Orf3d expression/S-
acylation are not easy to determine. It could be Spry2 alters the conformation of Orf3d
to make it more amenable to S-acylation, or that is a tertiary interaction between
zDHHC17-Spry2-Orf3d that promotes enhanced S-acylation, or even that there is an
indirect mechanism of influence of Spry2, e.g., through effects of Spry2 on cell
signalling pathways or modulation of peripheral factors. It is clear that the effects of
Spry2 are quite specific to Orf3d as similar effects were not seen on SNAP25
(Lemonidis et al., 2014). The results with SNAP25 further suggest that Spry2 is
unlikely to be having the observed effects by modulating the enzymatic activity of

zDHHC enzymes (via enhancing the expression of the enzyme).

Interestingly, whereas SPRED1 and SPRED2 did not show similar effects to Spry2
on Orf3d expression, SPRED3 did (figure 5.2 A/C). Throughout this thesis
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comparisons between Spry2 and SPRED proteins have been made. Notably, it was
shown that Spry2 and SPRED3 are S-acylated by zDHHC17, but SPRED1/2 are not
(chapter 3, figure 3.3), and also that Spry2 can stabilise zDHHC17, but SPRED1/2/3
cannot (chapter 3, figure 3.14). Mutant forms of Spry2 were also tested in figures 5.2
B/D, and as discussed in figure 5.1, the NDK mutation removed the effect of Spry2
on Orf3d expression. Further work would need to be conducted to derive significant
comparisons for both the P154A and C265/268A (DM) mutants of Spry2. However,
initial results indicate that both mutations (P154A and DM) lower the expression of

Orf3d but not to the same degree as the NDK mutation (figure 5.2 B).

Influence of Spry2 on zDHHC-mediated expression of Orf3d

Evidence given in figure 5.4 looking at all 23 zDHHC enzymes, indicates that five of
the zDHHC enzymes, 2, 3, 7, 15, and 17, promote an increase in Orf3d expression.
More importantly, only the enzymes which are effective at enhancing Orf3d
expression show co-operativity with Spry2 (figure 5.4). Although this screen was only
conducted once in this study, this is consistent with earlier data (without Spry2) from
the lab. This result indicates that Spry2 action on Orf3d is not zDHHC17 specific,
giving weight either to an Orf3d-Spry2 interaction being the defining factor, which is
subsequently S-acylated by relevant zDHHC enzymes. Alternatively, Spry2 could
have a more general action on a specific subset of zDHHC enzymes. In terms of
homology between the enzymes within the screen, zDHHC?2, 3, 7, & 15, are all four
TMD multi-pass enzymes, whereas zDHHC17 is a six TMD multi-pass enzyme with
the inclusion of a cytosolic N-terminal ankyrin repeat domain (Chamberlain and
Shipston, 2015).

Since both proteins (Orf3d & Spry2) are thought to be soluble, they could potentially
be S-acylated by a variety of zDHHC enzymes. All five of the zDHHC enzymes have
been identified as being localised to the Golgi apparatus (Ohno et al., 2006, Sharma
et al., 2008). However, other Golgi enzymes (e.g. zDHHC1, 8, 9, 12, 13, 14, 18, 22,
23 (Ohno et al., 2006)) were not identified as active towards Orf3d in this assay (figure
5.4). zDHHC2 has also been identified at both recycling endosomes and the plasma
membrane (PM) (Greaves et al., 2011, Salaun et al., 2017). zDHHC17 has also been
shown to localise to both cytoplasmic vesicle membranes (Goytain et al., 2008) and
presynaptic cell membranes (Stowers and Isacoff, 2007), and zDHHC2 and
zDHHC15 have been identified at postsynaptic densities (Noritake et al., 2009, Shah
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et al., 2019). It will be interesting to explore how the different localisations of these

zDHHC enzymes impacts the subsequent intracellular localisation of Orf3d.

zDHHC2, 3, 7, & 17 each exhibited cooperativity with Spry2 in enhancing Orf3d
expression. Previously published data has shown that zDHHC17 can stabilise Spry2
(Locatelli et al., 2020), which is furthered in this thesis (chapter 3; figures 3.13 & 3.14)
by showing that Spry2 can also stabilise zDHHC17. In the absence of any zDHHC
enzyme, Orf3d is very poorly expressed (figure 5.4). Cycloheximide based assays in
figure 5.5 showed that Orf3d turnover was similar in the presence of all the active
zDHHC enzymes and was unaffected by Spry2. This suggests that the enhanced
expression of Orf3d by Spry2 is not due to a reduced turnover rate of Orf3d but instead
might occur because more protein is being S-acylated preventing rapid degradation

after synthesis.

Structural and functional properties of Orf3d

As not much is currently known about the function of Orf3d, this chapter also utilised
bioinformatics to gather structural and functional insight into Orf3d. Orf3d is predicted
to contain two major alpha helix regions (figure 5.6.1 & 5.6.2). The proximal predicted
alpha helix (aa 3-16) within the first half of the protein chain is unique to Orf3d. This
part of the protein contains four cysteines residues (C4/7/10/11), several aromatic
residues (figure 5.6.1), and is predicted to be hydrophilic (figure 5.6.4). The two
helices are connected by a disordered polar rich region (aa 17-26) (again, unique to
Orf3d) (figure 5.6.1 & 5.6.2). However, the distal alpha helix (aa 27-46) within the
second half of the protein is found in both isoforms, Orf3d and Orf3d-2 (figure 5.6.1).
This region is hydrophobic (figure 5.6.4) and contains three cysteine residues
(C33/36/44) (figure 5.6.1). Through the use of peptide wheel projections in figure
5.6.3, it can be seen that this distal helix is amphipathic with one side of the helix
being rich in polar residues (5 residues), and the other containing non-polar and

cysteine residues.

The structure of Orf3d shown in figure 5.6 was generated using AlphaFold. As
discussed further in chapter 3, AlphaFold is a major resource for researchers in this
field, however, it is necessary to acknowledge that limitations to the resource do
currently exist (i.e., difficulty with intrinsically disordered proteins, modified proteins,

or proteins that have multiple/variable conformations) (Bagdonas et al., 2021; EMBL-
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EBI, 2022). For instance, in the full length model in figure 5.6.2, four cysteines are
predicted to form disulfide bonds (C4/11 and C33/36), which would be unexpected for
a protein in a cytosolic environment (Robinson and Bulleid, 2020). With that being
said, research from 2020 reported an in silico structural prediction of Orf3d, which
bears a striking resemblance to the AlphaFold model within this study (Robinson and
Bulleid, 2020). Within this 2020 study, similar helical structures are predicted for the
57 aa protein with the main visual difference being a greater spatial difference
between the two helices, which could be expected if the previously mentioned four
cysteine residues are not actually in an interaction with one another. The other
difference is that this study predicts three alpha helices instead of two which folds
around to form a compact protein with ring-like structure (Lam et al., 2020). The 2020
study and this study agree on the presence of the second distal alpha helix within
Orf3d-2, with the variation being that the 2020 study predicts the first proximal helix
to be two separate helices separated by a flexible region instead of one continuous
helix. In fact, the secondary structure prediction results of figure 5.6.1 B could be
interpreted to support either possibility. In addition to the limitations of computer-
based modelling as discussed, neither possibility can be discounted, however the
exact conformation is likely closely approximated by both predictions. No general
database structures of Orf3d currently exist and further structural data, such as X-ray
crystallography structures would have to be available to have full certainty on any

structure.

The shorter Orf3d-2 variant was also shown to be enhanced by zDHHC7 and Spry2.
This shows that the increased expression (whether influenced by interaction,
signalling, or S-acylation) depends on the 33 aa sequence found in Orf3d-2. This is
further supported by figure 5.8, which shows that cysteine residues C54/55 positioned
at the C-terminus of both Orf3d and Orf3d-2 are the critical residues responsible for
the increased expression of the protein. Alongside the results in fig 5.8, the use of the
catalytically inactive zDHHS17 mutant (In17) in figure 5.1 cements the role of S-
acylation as a requirement for enhanced stabilisation/expression of Orf3d. In all
figures of chapter 5, the expression of Orf3d presents as multiple bands which shift
under different conditions. As discussed, this has been shown to be due to S-acylation
of the protein causing an upwards band shift, confirmed by either the inactive
zDHHC17 (In17) (figure 5.1) or more prominently the Orf3d cysteine mutants in figure
5.8 which showed a molecular weight decrease in the S-acylated band related to the

number of cysteine residues substituted with alanine (figure 5.8 C). In the case of
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cysteine-string protein (CSPa), S-acylation of the protein causes a noticeable band
shift upwards in molecular mass (Greaves et al., 2012). In that particular study, the
role of S-acylation in the band shift of CSPa was confirmed with the use of
hydroxylamine to cleave thioester linkages between cysteine residues and palmitate
chains. Similar hydroxylamine experiments could be conducted for Orf3d, or indeed
the use of MPEG click chemistry like that in figure 5.2 would show the number of S-

acylated cysteines on Orf3d based on the number of PEG-acylated band shifts.

S-acylation is known to increase membrane association of proteins, such as Ras, Src
family kinases, and SNAP25 (Chamberlain and Shipston, 2015). The amphipathic
nature and “one-sided” positioning of the cysteine residues within a helix in Orf3d
could suggest it is a peripherally associated membrane protein, where it can stably
associate to the membrane on one side (the side with modified cysteines), whilst
presenting polar residues to the cytosol. Further investigation into the cellular
localisation of Orf3d would be required, for instance through immunofluorescence
confocal microscopy, or cellular fractionation, or a method similar to that which
previously identified Spry4 as an interactor of Orf3d, namely, proximity-dependent
biotin labelling (BiolD) (St-Germain et al., 2020).

One of the highest outputs of molecular function from figure 5.6.5 was the prediction
that Orf3d would be able to bind zinc ions. Indeed, the results of figure 5.10 indicated
that zinc salts are able to interfere with the band shift of Orf3d to a higher molecular
weight, suggesting that S-acylation is affected. Zinc is one of the most common metal
ions to bind to viral proteins, playing important roles in virus survival and processes
such as integration of viral DNA into specific sites or activation of transcription
(Chaturvedi and Shrivastava, 2005). Conversely, zinc deficiency is linked to poor
prognosis in COVID-19 patients and there is a history of zinc-based therapeutics as
anti-viral treatments (Pormohammad et al., 2021, Panchariya et al., 2021). Other
proteins such as the GLI1, GLI2 and GLI3 are known to also contain zinc finger
domains (Park et al., 2000). These proteins are transcription factors which mediate
the Sonic Hedgehog-patched signalling pathway, which like S-acylation is also
involved in protein lipidation (Gu et al., 2021). GLI1-3 were found to activate
transcription through a conserved transcription activation domain which is also found
in herpes simplex virus, VP16 (Yoon et al., 1998, Chaturvedi and Shrivastava, 2005).
Further to this zZDHHC enzymes are so called as they contain zinc finger domains that

coordinate Zn?* within their DHHC-CRD, which stabilises the enzyme structure
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(Korycka et al., 2012). The zinc binding domain is comprised of Cys-Cys-His-Cys
(CCHC), each interacting in a tetrahedral coordination with Zn?* ions. It has also been
reported that cysteines involved in zinc coordination could be crucial for substrate S-

acylation and/or interaction (Zmuda and Chamberlain, 2020).

As discussed above, an In silico study from 2020 predicted Orf3d to fold to form a
compact ring like structure (Lam et al., 2020). The AlphaFold prediction models of this
study show that the cysteine residues from each predicted alpha helix (C4/11 and
C33/36) are situated inward towards each other. Proteins are able to tetrahedrally co-
ordinate Zn?* ions to a pair of symmetry related Cys residues (Auld, 2013). For
instance, a structural Zn coordination site occurs in the human endothelial nitric oxide
synthase, eNOS (or NOS3), between a pair of cysteines (C96 and C101) on each
eNOS dimer (Auld, 2013). eNOS has also been found to be attached to caveolae via
N-myristylation (Gly2) and S-acylation of separate cysteine residues (C15/26), which
is important for eNOS activity and membrane localisation (Oliveira-Paula et al., 2016).
With the results of figure 5.9 indicating that increased zinc concentrations interfere
with Orf3d S-acylation, many different theories could be postulated. It could be
suggested that the high concentrations of zinc force the Cys residues between the
alpha helices of Orf3d to tetrahedrally co-ordinate zinc resulting in an unfavourable
substrate conformation, localisation, and/or cysteine presentation for zDHHC
enzymes. Zinc concentration for Orf3d may also cause an equilibrium imbalance
where Zinc competes for Cys availability, and therefore would impair its ability to be
S-acylated. Alternatively high zinc ion concentration may interfere with the intrinsic
Zn?* coordination of zDHHC structure resulting in impaired enzymatic activity.
However, further analysis and the inclusion of robust controls would have to be
conducted to attain more definitive conclusions about the effects of Zn?*. Indeed, it
would be important to ascertain that intracellular levels of Zn?* are increased under

these conditions.

With all cysteine residues on the same side of the alpha helix, S-acylation could
facilitate stable attachment of this helix in Orf3d within a membrane. The results in
figure 5.7 show a critical importance for C54/55 S-acylation in Orf3d stability.
Whereby the C-terminal end of the protein could be cytosolic and potentially S-
acylated either for enhanced stability or an as yet unknown function and/or interaction.
The results of figure 5.6.5 further suggested a role of Orf3d not only in the regulation

of metabolic processes but also predicts association with mitochondria and/or
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mitochondrial membranes (figure 5.6.5). As previously discussed little is currently
known about the action or function of Orf3d (or indeed many of the Orfs), but some
evidence has suggested at least one interaction with that of the mitochondrial protein
STOML2 (Gordon et al., 2020, Redondo et al., 2021). The C-terminal cytosolic tall
could be functional either to be S-acylated or to interact with other protein
counterparts, such as mitochondrial proteins such as STOML2. However, although
STOML2 has been shown as an interactor of Orf3d (Gordon et al., 2020), the protein
is thought to be localised to the inner membrane of mitochondria (Hu et al., 2021).
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Conclusions of chapter 5

e zDHHC2, 3,7, 15, and 17, are able to enhance the expression of Orf3d. This
expression is further enhanced in the presence of Spry2 (and SPRED3).

e Spry2 does not enhance the enzymatic activity of zZDHHC17 when tested on
SNAP25 S-acylation.

e The S-acylation of Spry2 is required for it to enhance Orf3d expression.

e Spry2 and zDHHC enzymes do not significantly affect the turnover of Orf3d.

e Orf3d-2 expression is also enhanced in the presence of zDHHC/Spry2.

e C-terminal cysteine residues C54 and C55 are critical for the action of both
zDHHC7 and Spry2 on Orf3d.

The schematics shown in Figure 5.10 highlight possible mechanisms linking S-

acylation and Spry to enhanced expression of Orf3d.
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Figure 5.10. Schematic diagram of models for enhanced Orf3d. (A) zDHHC2, 3,
7, 15, and 17 are able to S-acylate Orf3d/d-2 to enhance expression. C54 and C55 of
Orf3d/d-2 are critical for this enhanced expression. (B) If zZDHHC mediated S-acylation
is impaired, or if C54 and C55 are impaired, then Orf3d/d-2 is not well expressed. (C)
The S-acylation of Spry2 is required for a further enhancement of zZDHHC mediated
expression of Orf3d/d-2. This may occur either through a transient interaction
between Spry2 and Orf3d/d-2, or through a peripheral factor mediated by S-acylated
Spry2. (D) If the S-acylation of Spry2 is impaired (i.e., S-acylation deficient mutants,
or any part of a Spry2 mediated pathway) then zDHHC enzymes act alone to enhance
Orf3d/d-2 expression as described in A.

190



CHAPTER 6
GENERAL DISCUSSION
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Chapter 6 - General discussion

S-acylation is a multifaceted, post-translational modification vital to the properties and
function of many proteins. S-acylation was first implicated in the action of Spry
proteins over twenty years ago (Impagnatiello et al., 2001) and we now understand
that this modification plays a key role in determining both the intracellular localisation
and stability of Spry2 (Locatelli, 2021). The work presented in this thesis reports the
first detailed analysis of the wider Spry/SPRED family of proteins and specifically their
interaction with the zDHHC17 acyltransferase. Studies using zDHHC17 KO mice
have uncovered an important role for this enzyme in brain function and possible links
to pathology seen in Huntington’s disease (Singaraja et al., 2011, Milnerwood et al.,
2013, Sutton et al.,, 2013). A unique feature of zDHHC17 that coordinates its
interaction with substrates such as HTT and SNAP25 is the N-terminal AR domain. It
appears that many proteins, including HTT and SNAP25, use a disordered
hexapeptide motif, known as zDABM, to interact with AR domain of zDHHC17 prior
to S-acylation. Indeed, it was the presence of a zDABM sequence in Spry/SPRED
proteins that ultimately led to them being identified as substrates of zZDHHC17. It was
proposed that interaction of zDHHC17 with the zDABM in Spry/SPRED proteins
facilitated subsequent S-acylation of the downstream SPR/CRD domain which has an
extensive number of cysteines. As Spry/SPRED proteins are important negative
regulators of the MAPK growth factor pathway and because dysregulation of this
pathway is known to lead to oncogenesis (Kawazoe and Taniguchi, 2019), it was
important to develop a more refined understanding of the mechanisms and outcomes
of Spry/SPRED S-acylation.

The schematics shown below in Figure 6.1 highlight the main conclusions of the

thesis.
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Figure 6.1. Main conclusions of the thesis represented in a schematic diagram.
(A) (1.) zDHHC17 can effectively S-acylate Spry1-4 as well as SPRED3 (SD3). The
S-acylation of Spry2 has been shown to be crucial for the plasma membrane targeting
of the protein. Furthermore, the SPR domain is sufficient for the S-acylation and
localisation of Spry2. (2.) Although SPRED1 (SD1) and SPRED2 (SD2) were not
found to be S-acylated by zDHHC17, other zDHHC enzymes such as the highly active
zDHHCY7 are able to S-acylate these proteins. (3.) The effect of S-acylation of Spry2
on the expression of ERK1/2 and growth factor signalling is not currently known.
Extracellular activation of growth factor receptors leading to downstream activation of:
Src homology-2 domain-containing protein tyrosine phosphatase-2 (SHP-2); growth
factor receptor-bound protein 2 (GRB2); son of sevenless protein (SOS); rat sarcoma
GTPase (RAS); rapidly accelerated fibrosarcoma kinase (RAF); mitogen-activated
protein kinase kinase (MEK); extracellular signal-related kinase (ERK); and
subsequent transcription factors. (4.) Spry2 exerts reciprocal stabilisation of
zZDHHC17 in a zDABM-independent manner. This reciprocal stabilisation is unique to

Spry2 and is abolished by the NDK mutation of Spry2 (shown in orange).

(B) Interactions of Spry/SPRED proteins with zDHHC17. The Spry2 protein is able to
strongly interact (++) with the ankyrin repeat domain of zDHHC17 via the zDABM;
however, this interaction is dispensable for S-acylation (-). The SPR domain of Spry2
and SPRED3 can interact with zDHHC17 via a region between TMD1 and TMD6
which excludes both the ankyrin repeat domain and the C-terminal tail of zDHHC17.
This as yet unspecified interaction is responsible for the S-acylation of Spry2/SPRED3
(++), despite being a weak interaction (-). The C-terminal tail of zDHHC17 is not
required for either interaction (-) or S-acylation (-) of Spry2/SPRED3. Figure B
includes a schematic representation of zDHHC17 displaying the topological
placement of the enzyme within the Golgi membrane. Ankyrin repeat, aa 51-286
(green); DHHC domain (orange), aa 437-487; and transmembrane domains (TMD)
(blue): TMD1, aa 305-325; TMD2, aa 326-346; TMD3, aa 358-378; TMD4, aa 382-
402; TMD5, aa 481-501, and TMD6, aa 530-550. A schematic representation of Spry2
(315 aa) is also shown displaying the protein main chain (light green), the Sprouty
(SPR) domain (yellow), and the zDHHC ankyrin binding motif (zDABM) (light blue). A
similar schematic is shown for SPRED3 displaying the protein main chain (light
green), the Sprouty (SPR) domain (yellow), and the N-terminal EVH1; Ena/VASP

(enabled/vasodilator-stimulated phosphoprotein) homology 1 domain (dark green).
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One of the key findings of this thesis was a novel mechanism of interaction and S-
acylation for Spry/SPRED proteins with zDHHC17. This was a surprising observation
as these proteins were identified as zDHHC17 substrates based on the presence of
a zDABM and yet this conserved motif was found to be dispensable for S-acylation
by this enzyme. Thus, a simple zDABM interaction followed by substrate S-acylation,
as reported for SNAP25-zDHHC17 interaction and S-acylation (Greaves et al., 2009,
Lemonidis et al., 2015a), might not be the main mechanism that determines the wider
substrate network of zDHHC17. Furthermore, it was remarkable that the entire Ank
domain also appeared to be dispensable for interaction and S-acylation of SPRED3
(which lacks a zDABM). This observation led to the question of where Spry/SPRED
proteins bind zDHHC17 to facilitate their subsequent S-acylation. Other conserved
regions of zDHHC enzymes that have been shown to be involved in substrate
recognition include PDZ domains (Christensen et al., 2019), the DPG motif (Mitchell
et al., 2006), the TTXE motif (Mitchell et al., 2006), and the PaCCT motif
(Gonzalez Montoro et al., 2009). Surprisingly, the removal of the C-terminal cytosolic
domain of zDHHC17 did not impact SPRED3 binding, apparently ruling out the
possibility of interaction with the PDZ domain, TTXE motif, or the PaCCT motif, which

are all present in the C-terminal region of zDHHC17.

The finding that neither the AR domain nor the C-terminus of zDHHC17 was required
for interaction with SPRED3, suggests that the DHHC-CRD might be involved in this
interaction. Although the DPG motif is located within this region, it is unlikely that this
motif is responsible for the interaction between zDHHC17 and Spry/SPRED proteins,
as this would not explain the selective interaction of SPRED3 with zDHHC17
compared with zDHHC7. Although little is currently known about the exact function of
the DPG motif, it has been suggested to be important for structurally stabilising
zDHHC enzymes (Malgapo and Linder, 2021). It is possible that SPRED3 is binding
to regions of the DHHC-CRD that are not well conserved in other zZDHHC enzymes,
and it will be interesting to undertake mutational analysis of this region of zDHHC17,
including DHHC-CRD chimeric swaps with other enzymes, to further pinpoint the

exact site of interaction (as discussed in chapter 4, figure 4.12).

Defining a detailed molecular understanding of zDHHC enzyme-substrate interactions
is a key step towards uncovering the substrate networks of individual zDHHC
enzymes, and in the development of selective inhibitors against this enzyme family.

The development of new and selective zDHHC inhibitors (e.g. that target interaction
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mechanisms between specific zDHHC enzymes and their substrates) is a major
requirement for the field, as current tool compounds are limited to non-selective and
toxic compounds such as 2-bromopalmitate (2-BP) (Davda et al., 2013). While recent
studies have reported more selective zDHHC inhibitors, such as the TTZ1/2
compounds that display selectivity over zDHHC2 compared with zZDHHC3/7 (Salaun
et al., 2022). There is scope to develop peptide-based inhibitors that target specific
protein-protein interactions, thereby offering an approach in the development of even

better targets for enzyme selectivity.

Therapeutic peptides are an important pharmacological tool that often act as ligands
and can bind to targets (often cell surface receptors) to trigger intracellular effects with
high affinity and specificity. Peptides also offer other advantages including rapid
design flexibility, less immunogenicity, and lower cost (Wang et al., 2022). In addition
to binding to cell surface receptors, the development of strategies to allow peptides to
pass the cell membrane has opened up huge potential for targeting specific
intracellular protein-protein interactions (e.g. by the peptide mimicking the interaction
site of one of the binding partners) (Derakhshankhah and Jafari, 2018). For instance,
small zDABM containing peptides such as those previously used for SNAP25b (aa
111-GVVASQPARV-120 (Verardi et al., 2017)) could be designed to interact with the
Ank repeat of zDHHC17. These peptides would be predicted to perturb the zDABM-
mediated interaction of the enzyme and specific substrates. Detailed analysis of the
zDABM peptide could also be used to develop peptides with higher affinity and

therefore a higher probability of outcompeting the endogenous substrates.

Furthermore, the discovery in this thesis that zDHHC17 has alternative modes of
substrate interaction opens up the possibility of targeting distinct substrate
interactions of this enzyme using different peptides. Another interesting strategy could
be designing zDABM peptides for the proximal delivery of tertiary molecules for the
inhibition/promotion of the enzyme (i.e., peptide-based drug delivery) (Wang et al.,
2022). In the case of the zDABM, this type of work would benefit crucially from
optimising a minimal peptide sequence which can interact with and effect zDHHC17.
For instance, it would be useful to generate several small peptides of varying lengths
(i.e., 6, 8, 10, 12, & 14 aa) that all contain the zDABM with the addition of a GFP tag
(large tag can be used in co-IP) or Myc (small tag to control for bulky GFP). These
peptides can be utilised in co-immunoprecipitation assays to show if they are sufficient

for zDHHC17 interaction. As well as in click-chemistry assays to examine if they have

196



an effect on the S-acylation activity of the enzyme towards a model protein such as
SNAP25. With the expectation that type of minimal peptide screening can in the future

also be conducted if and when an alternative interaction site/maotif is uncovered.

As mentioned above, the discovery of different substrate binding modes of zDHHC17
opens up the potential to block a sub-set of substrate interactions. For instance, the
overexpression of Spry2 has been implicated in the development and metastasis of
both rhabdomyosarcoma and human colonic adenocarcinomas (Holgren et al., 2010,
Saini et al., 2018). Where in both cases Spry2 was suggested to interact with, control,
and induce the expression of c-MET, which is a RTK which responds to hepatic growth
factor and signals. Which in the case of colonic adenocarcinomas, Spry2 increases
c-MET activation/signalling resulting in enhanced cell migration and invasion (Saini et
al.,, 2018). Therefore, the modulation/inhibition of Spry2 function, stability, or
localisation by targeting zDHHC17 activity/interaction could prove to be a viable

therapeutic approach.

In addition to the development of new peptide-based approaches for targeting zDHHC
enzymes. The exact knowledge of enzyme-substrate interactions motifs will also
inform the identification of novel zDHHC interaction networks. Similar to the study of
Lemonidis and colleagues in 2017 (which identified ninety-five human zDABM
containing proteins), the use of peptide array-based screening and bioinformatics
could also be used to identify a novel set of zZDHHC17 substrate proteins that interact
with this enzyme in a similar way as seen for Spry/SPRED proteins (Lemonidis et al.,
2017a). However, a potential caveat is that the alternative mode of Spry/SPRED
binding to zDHHC17 may involve a non-linear motif/conformation, and in this case the

use of such peptide-array analysis would be complicated.

The difficulty in pinning down the exact zDHHC17 interaction site on SPRED3 could
suggest the presence of cryptic binding sites, a role for specific post-translational
modifications, weak and transient interactions, or other tertiary factors (i.e., adaptor
proteins or not yet fully understood signalling pathways). For example, Spry2 has
already been postulated to contain a cryptic C-terminal proline site that is only
exposed after PP2A mediated dephosphorylation of S112. Subsequently leading to
the binding and sequestration of Grb2 (via proline site binding), which then prevents
Ras activation and MAPK transduction (Lao et al., 2007a). Additionally, in the case of
the cardiac Na-K ATPase (Na-pump) it was initially suggested that the inhibitory

accessory sub-unit, phospholemman (PLM) formed a direct interaction with zDHHC5.
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However, it was subsequently reported that the S-acylation of PLM was indirectly
achieved via an interaction between zDHHC5 and the a-subunit of the Na-Pump,
which in turn places zDHHCS5 in the correct position to S-acylate PLM (which also
binds the Na-Pump).

This thesis has also built upon work completed in 2020 which showed that zDHHC17
is able to reduce the turnover of Spry2 (Locatelli et al., 2020). The results of this thesis
show for the first time that a substrate of zDHHC17 might also reduce turnover of the
enzyme, thus highlighting a unique reciprocal stabilisation between enzyme and
substrate. Specifically, evidence was presented that Spry2 (but not other Spry/SPRED
proteins) was able to stabilise zZDHHC17 in co-expression experiments. Furthermore,
this stabilisation was independent of the zZDABM of Spry2, implying that the alternative
mode of Spry/SPRED interaction is responsible for the dual-stabilisation effect
between zDHHC17 and Spry2. However, the effect is unique to Spry2 and not just a
ubiquitous function of the SPR domain or even the Spry/SPRED proteins in general.
It will be important to investigate how S-acylation effects this reciprocal regulation in
more detail. In particular, this could also be achieved by using either CRISPR Cas9
approaches or si/shRNA knockdown techniques to ablate expression of Spry2 or
zDHHC17, which will allow the regulatory effects of the endogenously expressed

proteins to be confirmed (Marvaldi et al., 2015).

Additionally, Spry2 undergoes a number of post-translational modifications including
phosphorylation (Lao et al., 2006, Patel et al., 2013b). Therefore, it would be
interesting to test if there is a level of Spry2 phospho-regulation on zDHHC17 activity
and/or stability. This could be achieved through the use of site directed mutagenesis
to mutate the phosphorylate Y55 residue and/or the poly-serine region of Spry2
between aa 105-119 to alanine. After which specific assays could be utilised such as
cycloheximide chase to measure zDHHC17/Spry2 degradation or click-chemistry

metabolic labelling to measure S-acylation.

A long-term goal would be to move away from the use of HEK-293T cells and into
more relevant cell lines where Spry2 is upregulated such as PC12 cells or RWPE-1
prostate epithelial cells. As discussed above, a neuronal setting such as PC12 cells
could provide an interesting system to assess the involvement of these two proteins
in both growth factor signalling and neurite outgrowth. Within this thesis, the
experiments into FGF/EGF mediated Spry2 inhibition of ERK1/2 were inconclusive in

terms of what role zDHHC mediated S-acylation plays. As an alternative, the
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prolonged activation of ERK signalling by FGF/NGF leads to neurite outgrowth and
differentiation of PC12 cells; whereas, the more transient ERK activation elicited by
EGF stimulates cell proliferation (Kao et al., 2001). Therefore, as Spry2 inhibits
FGF/NGF mediated neurite outgrowth but stimulates EGF mediate neurite outgrowth,
this model may prove viable for examining the effects of S-acylation on Spry2 function.
More specifically, through the transfection of Spry2 WT and Spry2 S-acylation
deficient mutants into PC12 cells following a designated/optimised period of growth
factor stimulation and neurite outgrowth. Neurite outgrowth would be assessed by
measuring the length from cell body to the growth cones of the longest neurites (i.e.
max distance). These investigations could also run in addition to measurements taken
in cells depleted of zDHHC17 i.e., through si/sRNA knockdown.

This thesis also included an investigation of the SARS-CoV-2 accessory protein
Orf3d, and its relationship with both zDHHC enzymes and Spry/SPRED proteins.
Understanding the molecular mechanisms that underpin viral protein structure,
function, or interaction is crucial to discovering druggable targets and developing
therapeutics. Whereas other SARS-CoV-2 proteins have been shown to be S-
acylated (i.e., the spike protein), research by Dr. Christine Salaun identified that Orf3d
is also modified by S-acylation and that this mediates enhanced expression of the
Orf3d protein. The focus in this thesis was on the potential regulation of Orf3d S-
acylation by Spry/SPRED proteins. Notably Spry2 in particular has been shown in this
thesis to have a stabilisation effect on zDHHC17. Initially, an interesting aspect of
investigation was into whether or not this increased stability translates to a change in
zDHHC17 activity. A viable prospect considering that some zDHHC enzymes are
known to have accessory proteins which modulate their activity, such as zDHHC9 and
GCP16 (Salaun et al., 2020b, Nguyen et al., 2023, Swarthout et al., 2005).

The main findings of this work showed that both Spry2 and SPRED3 were able to
enhance the zDHHC17 mediated increase in Orf3d expression; however, this effect
was not seen for SPRED1 and SPRED?2. This is interesting in the wider scope of this
thesis, owing to the fact that SPRED1 and SPRED2 are not efficiently S-acylated by
zDHHC17, whereas Spry2 and SPREDS are equally well S-acylated. Further to this,
when in co-expression with the S-acylation deficient NDK mutant of Spry2, the
observed effect of zDHHC17 mediated expression of Orf3d was lost. With the main
conclusion, being that the S-acylation of Spry2 is required for any effect it would have
on zDHHC17-0rf3d. With the additional finding that the effect of Spry2 does not have
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an effect on the normal turnover of Orf3d in the presence of Orf3d active zZDHHC
enzymes (zDHHC2, 3, 7, & 17). It would also be interesting to examine zDHHC
mediated Orf3d expression in the presence of the other Spry2 mutants, as well as the
other three Spry proteins (Spry1, 2, & 4), which are all effectively S-acylated by
zDHHC17. In addition to this, another finding of the investigation into Orf3d is that the
shorter Orf3d-2 isoform is sufficient for both zDHHC17 mediated expression and
Spry2 enhanced expression. Furthermore, it was shown that Cys54 and Cys55 are
critical for the zDHHC mediated enhancement of Orf3d.

The preliminary data complied within this thesis offers numerous avenues for further
investigation into Orf3d. As it is not yet fully known where Orf3d acts with in a cell,
immunofluorescent confocal microscopy could be used to observe the localisation of
the protein in the presence of both Spry2 and zDHHC enzymes. Ultilising
immunofluorescent Alexa fluorophore secondary antibodies which conjugate to
primary antibodies that recognise the Strep-Il tag of Orf3d and the HA-tag of zDHHC
enzymes. This is similar to experiments conducted both within figure 4.4 of this thesis
and previously published research into Spry2 and zDHHC17 localisation (Locatelli et
al., 2020, Lemonidis et al., 2014). Alongside this, other future work would utilise
cellular fractionation assays to both support and confirm any findings from the
immunofluorescent studies. Fractionation would allow for the separation of lysates
into nuclear, cytoplasmic, and membrane compartments/fractions via various steps of
homogenisation, centrifugation, and buffer changes (i.e., with non-ionic detergents
such as digitonin or NP-40) (Senichkin et al.,, 2021). With the broad aim to
characterise Orf3d as either membrane associated or soluble when in the

presence/absence of Spry2 and/or zDHHC enzymes.

An initial difficulty with this type of experiment is that Orf3d appears unstable and
would potentially not be visible when not in combination with another stabilising
protein such as Spry2/DHHC (figure 5.1). To optimise this, following the results of
figure 5.5, if Orf3d is unstable then a short time span cycloheximide protein
degradation assay could be conducted. This would be done with Orf3d alone at
shorter time points of potentially less than 2 hours, and also in combination with other
proteins for longer time points. This would determine the half-life of the protein and
give insight into the overall stability of the protein and could also setting parameters

for future investigations. Additionally, it is seen in chapter 5 that Orf3d expression can
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be stabilised in the presence of Spry2 and zDHHC enzymes but as discussed above
the nature of the relationship is currently unclear. Future work into the area of protein-
protein binding would be conducted in order to co-immunoprecipitate Orf3d with
Spry2, zDHHC enzymes, and other proteins of interest (similar to the GFP-Trap® co-
immunoprecipitation assays in this thesis). This will provide a better understanding of

where direct interactions may or may not occur.

Overall, this thesis highlights a novel mode of interaction between zDHHC17 and
Spry/SPRED proteins that is coupled to S-acylation. Furthermore, it is proposed that
the alternative binding mode involves interaction between the conserved SPR domain
of the Spry/SPRED proteins and the conserved CRD-DHHC domain of zDHHC17,
although this requires further investigation. This thesis has also uncovered a more
complex relationship than previously thought between Spry2 and zDHHC enzymes,
and it will be important to investigate reciprocal stabilisation of these proteins and its
importance for cell signalling and function. In a similar manner, understanding if
Spry/SPRED proteins have any impact on Orf3d S-acylation during viral infection will
also be an interesting area of future investigation. A key outstanding question remains
how S-acylation impacts Spry/SPRED function in cell signalling. Over-expression
experiments proved to be unfruitful for investigating this question, but future work
could undertake CRISPR to introduce specific cysteine mutations into the CRD of
Spry2 and explore how this impacts ERK signalling. A similar approach could be
undertaken to investigate how disrupting the distinct binding modes of Spry2 impacts
signalling activity (e.g., mutation of the zDABM and/or the novel binding site when it

is clearly defined).

Limitations to this study

The study has used over-expression analysis in HEK-293T cells throughout. This
strategy has proved to be a useful and reliable approach to define zDHHC-substrate
interactions and also to map out mechanisms contributing to fatty acid selectivity of
zDHHC enzymes (Lemonidis et al., 2015a, Greaves et al., 2017). Indeed, in both
these cases the conclusions based on overexpression analysis has been
subsequently confirmed by structural (X-ray crystallography) results (Rana et al.,
2018a, Verardi et al., 2017). Nevertheless, over-expression has potential to introduce
unwanted effects and therefore future work should look to confirm some of the findings

of this thesis using knockdown approaches and structure-based analysis.
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FORMING THE CONNECTION BETWEEN ZDHHC17 AND SPROUTY/SPRED PROTEINS
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cally has a more complex interaction with zD17 than similar SPRED proteins. The designated “NDK region” within the SPR domain is
crucial for both the S-acylation and stabilisation of Sp but also has a reciprocal stabilisation for the stability of zD17.

CORCEIORS 2. The zD17-SPRED3 binding site coupled to interaction and/or S-acylation; occurs between the conserved SPR domain of SPRED3 and a region of zD17,
not contained within the Ankyrin repeat domain.
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Appendix Il

Interactions & S-acylation of Spry & SPRED proteins by zDHHC17
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