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Abstract

L-selectin (CD62L) is a type | transmembrane protein expressed by lymphocytes which

directs their migration from the bloodstream into lymph nodes and infected tissues.

Stimulation of theT cell receptor (TCR) activates the enzyxidsintegrinand
Metalloproteinase 17 (ADAM 17), which cleaveslectin at the ectodomain generating

a metalloproteinase product (MP product) comprising of a transmembrane region and a
17-amino acid intracellular domain (ICDjsecretase is a muisubunit protease that
cleaves up to 90 identified type | transmembrane proteins in the intramembrane region
following ectodomain proteolysis by metalloproteinases. Presenilin (PS), the catalytic
component of -secretase is activated during an intramolecular cleavage called
endaproteolysis separating the carboxy (C) and amino (N) termini. The catalytically
active Gterminal fragment of PS then induces intramembrane proteolysis of substrates.
The aim of my thesis was to firstly determine whether the MP productsaiéctin was
asubstrate for PS. Subsequently, | analysed whether stimulation of the TCR activates PS,
inducing intramembrane proteolysis of the MP product releasing the ICD into the

intracellular region.

My data showed for the first time that in a restinec@ll, lsekectin forms a mult
component complex with both ADAM 17 and PS.-&@Ration induces ADAM 17
dependent proteolysis of-kelectin generating an MP product. Stimulation of the TCR
also causes endoproteolysis of PS, where activated PS then cleaves theMi®und
product. After PS cleavage, the released ICD was unstable and therefore difficult to

detect, however | was able to block its formation using either PS inhibitor treatment or



generating I1351W mutated-$electin, which was resistant to intramembrane

proteolysis.
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1 Introduction

1.1 The immune system

The immunesystem is divided into two parts named the innate and adaptive responses.
The innate response is a form of immunity that is activated immediately and is non
specific in nature to the invading microorganism involving components of the immune
system such asonocytes, macrophages and neutrophils. Unlike the innate immune
system, the adaptive immune system is specific to an antigen which has been presented

to T-lymphocytes that induces loAgsting protection to the host (Hoebet al. 2004).
1.1.1 The innate immurm response

During innate immunity, macrophages express cell surfacdikelreceptors at the site

of infection which interact with invading pathogens causing the plasma membrane to
restructure around the microbe forming a pseudopodium (Rikeésl. 2010). The
pseudopodium then engulfs the microbe during endocytosis which forms an intracellular
vesicle called a phagosome that later fuses with a lysosome generating a phagolysosome
(Weiss and Schaible, 2015). The phagolysosome contains lytic enzymes $ysiryme

that degrades the microbe (kg al. 2010). Activated macrophages then release

cytokines such as granulocyte colony stimulating facte€8F) and tumour necrosis
factor-n  6-¢ bBa@ich recruits neutrophils and extends their {§pan at the e of

infection from 612 to 2472 h by inhibiting apoptosis (Seldees$,al. 2017). Neutrophils
contain three types of granules known as azurophilic (primary), specific (secondary) and
tertiary, which encompasses proteins with antimicrobial proper{lesy,et al. 2006).

Specifically, azurophilic granules contaigieloperoxidase, bactericidal/permeabikty
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increasing protein (BPI), defensins and the serine proteases cathepsin G and neutrophil
elastase (Loriget al. 2008;Calafaf et al. 2000;Faurschouet al. 2002; Hansongt al.
1990;Korkmazet al. 2010). Specific granules comprise of alkaline phosphatase,
lysozyme, NAPDH oxidase, collagenase, lactoferrin and cathelRaimléy et al. 1986;
Saito,et al. 1987; Steadmargt al. 1996;Esaguyet al. 1989; Tanet al. 2006), while

tertiary granules hold cathepsin, gelatinase and collagendsedckaet al. 2001;
Faurschouet al. 2003). Upon encounter with a pathogen, neutrophils release these
antimicrobial proteins from azurophilic, specific and tertiary granules in an
immunological process called degranulation, which helps combat infection @taay,
2006). Additionally, durignan encounter with pathogens, NAPDH oxidase in neutrophils
becomes activated and reduces oxygen to form reactive oxygen species KROof

et al. 2002).ROS are then degraded by enzymes such as superoxide dismutases to form
hydrogen peroxidel (i hwihioh is subsequently converted to hypochlorous acid (HCIO)
by myeloperoxidase (Segal, 2005; Kettle and Winterbourn, 1990). Neutrophils then
engulf pathogens which are then later lysed in intracellular phagosomes by H | y R
HCIOQ(Robinson, 2008). Aftertiracellular lysis of pathogens, neutrophils then activate
peptidylarginine deiminase 4 (PAD4), which decondenses chromatin and ejects the DNA
coils to the extracellular space to form neutrophil extracellular traps (NETS) in an
immunological process calléETosisMartinod, et al. 2013;Mohanty, et al. 2015).

These NETs are impregnated by microbial agents such as myeloperoxidase, neutrophil
elastase, defensins and cathepsin G. Circulating pathogens are then trapped by NETs
which are subsequently degraded the associated microbial proteins (Mohangt,al.

2015). Neutrophils then release chemokine ligand 2 (CCL2), interleuki@)2 (IL

chemokine (€¢C motif) ligand 1 (CXCL1), macrophage inflammatory protein 1+ y R
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interferon- &), ®Hich causes the ceuitment of monocytes to the site of
inflammation and their differentiation to macrophages (Blidbeztyal. 2012; Scapiret
al. 2000). The recruited macrophages then engulf both-apoptotic and apoptotic

neutrophils to regulate the immune response g&gs, et al. 2017).
1.1.2 The adaptive immune response

For a naive T cell to induce adaptiveimmune response, the T cell redep (TCR)

needs to recognize a specifiatigen presented within the major histocompatibility
complex (MHC) at the cell surfacedsndritic cells (DC). However, the amount of T cells
specific for a cognate antigen is low (1:5,000 to 1:50,000) and only a small subpopulation
of DCs present the cognate pegti on MHC molecules (Westermamt al. 2001).
Consequently, T cells enter lyimpodes (LNs) after transmigration acrgest-capillary
vascular endotheliuncalled high endothelial venules (HEVsS) and search for resident DCs
that present cognate peptide ihe T cell zone (paracortex) (Hayal. 1977; Gretzet

al. 1997; Bajenoffet al. 2003). Naive T cells then interact with the dendritic ¢ells

become activated and then prime into an effector T cell. Effector T cells change
expression of cell surface adhesion molecules and cikéme receptors which alters

their migratory pattern fom lymphoid organs to sites aiflammationand non

lymphoid tissuavherethey have the capacitipo induce anmmune response (Lipjet

al. 2002; Sallustget al. 2000; Sallusteet al. 1999; Mora and von Andrian, 2006;

Lefrangois andlarzo,2006) (Fig 1.1).
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Figurel.l: Naive T cell activation in the peripheral Laring adaptive immunity (A)

Naive T cells transmigrate across HEVs to enter(BN&t the Fcell zone within the LN, the

naive Tcell encounters a Dfresenting cognate peptide. The TCR of the naive T cell

interacts with cognate peptide presented with MHC on the surface of dendritic (€)Ehe

TCR becomes activated and naive T cells differentiate into effector T cells (such as cytotoxic
T cells off helper (TH) cells) some of which are recruited to tieelBfollicle to help B cells
(follicular B helper T cellgD)Effector T cells egress from the LN through efferent lymph
vessels and migrate towards infected tissue to induce an immune respAgsed, 2006).
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1.2 Eselectin

1.2.1 The structure of-&electin

L-selectin is a type | transmembrane protein found on the cell surface of leucocytes,
comprised of an ectodomain (ECD), a transmembrane helix anehenid acid intracellular
domain(ICD). The ECD contains-tyge lectin domain (CTLD), an epidermal growth factor
like domain (EGF), two short complement like repeat domains (SCR) followed by a

membrane proximal metalloproteinase clemye site (Kansas, 1992) (Fig)1.2

o CTLD

— EGF-like domain

' \
U—Membrane—proximal cleavage site

‘|| Plasma membrane

— | -selectin ICD
Transmembrane
helix

Figurel.2 Thestructure of l-selectin.L-selectin is a type | transmembrane protein located
at the cell surface of leucocytessklectin contains an ECD comprised oftgg@ lectin

domain (CTLD), an epidermal growth factor like domain {k&Eomain), two short
complement like repeat domains (SCR) followed by a transmembrane region which spans
the membrane leading to a 3@mino acid IC[{L-selectin ICDIpcalized intracellularly
(Modified from lvetic, 2013).
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1.2.2 Microvillar localization of Eselectin isregulated by ERM

proteins.

L-selectin localizes to both microvillar tips and the actin cytoskeleton via its ICD- The L
aSt SOGAY L/ 5 -aktiidiSdikru@ed ipbrytrunicatidnfof dmino acids at the
carboxyl (C) terminus and consequenthgdled¢in cannot bind to the cortial actin

cytoskeleton (Palvalket al. 1995). However,-kelectin localizes at microvillar tips

regardless of its interaction with-actinin, showing that other cytoskeletal proteins ligk
selectin to microvilli (Dwijret al. 2001; Palvalkeet al. 1995, Ivetic and Ridley, 2004). Ezrin
radixinrmoesin (ERMproteins use their amino (N) terminus to bind intracellular domains
(ICDs) of membrane proteins (such as cluster of differentiation 43 and 44 (CD43 and CD44))
and their C teminus to bind Factin which links these adhesion molecules to the cortical

actin cytoskeleton (lvetic and Ridley, 2004). Ezrin and moesin were firstly shown to bind the
L-selectin ICD using affinity chromatographighwlymphocyte extracts (lvetjet al. 2002).

The positively charged polar residues iAirgnd Lysl sndhe L-selectin ICD bind with ezrin

and moesin and disruption of this interaction usingnate mutants (R357A and K362A)

significantly reduces microvillar localizatifimetic et al. 2002;lvetic, et al. 2004).
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1.3 The function of-kelectin during leucocyte homing to
lymphoid organs and inflamed tissues

1.3.1 Lymphocyte recruitment to lymphoid organs

Gallatinet alfirstly showed that tselectin is a lymphocyteoming receptomwnhich regulates
lymphocyte migratn into peripheral LNs (Gallafiet al. 1983). The importance of L
selectin was demonstrated by Arbés et al. where truncation of the Nerminal lectin
domain prevented lymphocyte adherence to HEVs and localizatihNs. Additionallyn
L-selectin deficient mice, lymphocyte recruitment to LNs was significantly reduced, yet

migration to the spleen was elevated (Ares et al. 1994).

Sulphated glycoproteins such as glycosylatiependent cell adhesion molecule

(GlyCAML), CD34 and podocalyxin were initially established as adhesion ligands expressed
on HEVs swounding lymphoid organs (Imagt al. 1991; Lasky, 1992; Baumhuetet al.

1993; Sassettet al. 1998) which interacted with MEC2 monoclonal antibodymAb)

inhibiting lymphocyte adherence to HEVs (Streg¢tial. 1988). These ligands express 6
sulphated Sialyl Lewis X (sLex) tetrasaccharide structures and collectively are called
peripheral lymph node addressin (PNA8)reeter et al. 1988; van Zantand Rosen, 2003).
L-selectin on the surface of naive T cells forms weak glycosidic bonds with these endothelial
ligands causing the leucocyte to tether to the inside of the blood vessel wall (@itdin

1997). The microvillus contains lipid rafts, ristcholesterol micoodomains and
glycosphingolipids. These lipid rafts promotedlectin clustering which encourages
multivalent tethering with endothelial ligands increasing the strength of ext&on during

blood flow (Abbalet al. 2006; Phonget al. 2003). Initially, iselectin intermittently interacts
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with its endothelial ligands, with interactions lasting betwaem € 4 | Y R ,mausing 8 SO2 y F
leukocytes to roll in th direction of blood flow (Aloret al. 1997). The rolling leucocyte then
encountess chemokines such &XCL1@hich cause activation of integriisi s oy R i i 0

the surface of leucocytes (Hartmapet al. 2008). These integrins bind stably to the

endothelial ligands, intercellular adhesion molecule (ICA&hd ICAM) decelerating the

velocity of cell rolhg until cells arrest (Gopalaet al. 1997), whicloccursafter 1-3 seconds

(Bjerkneset al. 1986).The leucocyte then enters the peripheral LN by transmigrating across

the endothelial cell layer (Fig 1.8Vestweber and Blanks, 199
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Figure 1.3 The various stages dfhe multi-step adhesion cascad¢l) Tethering; L-

selectin, expressed on the surface of lymphocytes induces weak glycosidic bonds with
sulphated Glinked glycans presented on endothelial ligands such as PN&de

interactions allowymphocytego be recruited from the circulation to the surface of HEVs
inside lymph nodes. (2) Rolliq@he strong hydrodynamic force of blood flow causes
dissociation between-kelectin and PNAd-delectin constantly dissociatesd re

associates with HEV endothelial ligands causing the lymphocyte to roll along the endothelial
wall. During rolling, chemokines such as CCL21 and CXCL12, presented on the apical aspect
of the endothelium via anchorage to glycosaminoglycans contamgiipcytes and activate
integrins such as LFA(shown in diagram as grey (inactivated) to yellow (activated)C€8)
arrest-Activated LFA binds stably to the HEV endothelial ligand ICAM. This interaction
causes deceleration of lymphocyte rolling dagscell arrest. (4) Transendothelial migration
The arrested lymphocyte starts to transmigrate across the HEV allowing entry into the
lymph node.
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1.3.2 L-selectin and PSGL interactions regulate secondary

tethering of leucocytes

During the cours of inflammation, leucocytes accumulate on the vascular wall and

reduce the amount of available endothelial ligands for newly engiveucocytes

preventing further tethering with the inflamed endothelium monolay&a allow

continued influx of leucocytes inflamed tissue beyond these adhesive events following
the induction of inflammation, adherent leucocytes themselves act as adhesive substrates
to allow further recruitment of additional leucocytes (Bargatzeal. 1994).P-selectin
glycoprotein ligad-1 (PSGIL) expressed on the surface of leucocytes interacts with L
selectin which allows flowing leucocytes in circulation to attach adherent leucocytes on
the endothelium in a process called secondary tethering (Fig 1.4¢t(al1,1996; Spertini,

etal. 1996).

A B

@ @‘\L-SELECTIN/PSGLd

el @?D G@\@

(& 2 S I
PRIMARY LEUKOCYTE-LEUKOCYTE SECONDARY
TETHER INTERACTION TETHER

Figure 1.4: {selectin and PSGL interactions mediate secondary tetheringA) In a
primary tether, lymphocytes bind to-&lectin presented on the endothelial surface. I{B)
secondary tethering, a frebowing lymphocyte in circulation bats to an adherent
lymphocyte on the endothelium and is regulated by interactions betweselectin and
PSGH1 (Mitchell et al. 2000).
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1.3.3 Leucocyte recruitment to inflamed tissues

L-selectin also regulates leucocyte recruitment to Agmphoid tissies which correlates
with acute inflammation. Studies usingsklectin blocking antibodies which disrupt
interactions with endothelial ligands prevent leucocyte rollihgng exposed rat mesentery
(Ley et al. 1991) and rabbitnesenteric venules (voAndrian et al. 1991). kselectin
deficient mice showed a reduction of neutrophil (62 %), lymphocyte (705 %) and
monocyte (7279 %) migration into inflamed peritoneum after 24 to 48 h thioglycollate
challenge. Furthermore, inflammation in the footplg red blood cell challenge and ear
after oxazolone treatment were reduced 75 % and 69 % respectively in comparigad to
type (WT) mice. Lselectin deficient mice also showed a 90 % survival rate after
lipopolysaccharide (LRB)uced toxic shock in cqmarison to a 90 % mitality rate in WT

mice (Tedderet al. 1995).

L-selectin endothelial ligands psented on noAdymphoid organfiave been researched for
many years. Adherae of human and mouse B cellslmmanTNF" activated cardiac
microvascular endielial cells (HCMECS) increased 80 % after transfection with human L
selectin cDNA in comparison to ntmansfected cells. Also, B cell adherence was disrupted
byb | / fwhich inhibits posttranslational sulfation showing that TN&ctivation
upregulatessulphated ligands on HCMECs (Zakrzewical. 1997).Sulfoglucuronyl
glycosphingolipids presented on the surface of the brain microvascular endothelium was
also shown to bind-kelectin allowing leucocyte recruitment to the central nervous system
(Needham, et al. 1993).Later studies then identified sulphates presented on the surface on
non-lymphoid organs that bind to-&electin. Firstly, Kawashined al established versican as

the chondroitin sulphate presented on the surface ahfan renal adenocarcomacells of
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the kidney Kawashimaet al. 1999). Collagen XVIII was then recognised as the heparan
sulphate proteoglycan expressed in rat kidneys that interacted wgalé&ctin causing

infiltration of monocytesKawashimaet al. 2003). Also, the dermatasulphate biglycan

was shown to be presented on the surface of endometrial microvascular endothelial cells in
human uterine endometrium which bound teselectin on natural killer (NK) cells allogyin

adherence and rolling (Kitayet al. 2009).

1.3.4 The role of kselectin duringinflammatory diseases

L-selectin dependent lymphocyte recruitment during inflammation either attenuates or

intensifies immune disease progression (table 1.1).

Immune disease Immunological role for tselectin

Encephalomyelitis | L-selectin ligands are abundantly expressed on myelin sheaths
causing leucocyte homing to myelinated axodsgng.et al. 1991,
Huang.et al. 1994). kselectin causes infiltration of macrophages
to the parenchyma initiating myelin damagethe central nervous
system leading to encephalomyelitissélectin deficient mice did
not develop encephalomyelitis, howevadoptivetransfer of WT
macrophagesnitiated development of encephalomyelitis
correlated with destruction of myelinf3rewal,et al. 2001).

Graft vs host diseas( The definite role of 4selectin during graft vs host disease (GVHI
is conflicting depending on the cell type. In lymphocyteselectin
deficient BALB/c mice showed reduced rates of rejection to bot
primary and secadary allogeneic skin grafts in comparison to W
correlated with less CD4+ and CD8+ T cells localizée aletrmis
and graft bed (Tangt al. 1997). However, increasedskelectin
expression in T regulatory cells (Tregs) reduced expansion of
alloreactiveT effector cells which protected the host against GV
allowing engraftment of the transplanted bone marrow. Injectec
Tregs with high cell surfacesklectin expression migrated to
lymph nodes and interfered with expansion, activation and
priming of alloractive T cells. In contrast, Tregs with low cell
surface kselectin expression migrated directly to the GVHD tiss
allowing alloreactive T cells to become activated and expand ir|
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lymph node before migrating to the graft initiating autoimmune
destruction (Taylor,et al. 2004).

Atherosclerosis L-selectin causes migration of Treg and B regulatory (Rreltp to
aortas inducing a pratherogenic role. 4selectin also recruits
splenic B cells such as BlaB cells to the aorta which release a
natural antibody named T15 that interacts to oxidatsqgecific
epitopes preventing macrophages endocytosing oxidloed
density lipoproteins reducing foam cell accumulation in the aor
Other L=selectin recruited splenic Breg cells secriet&0, which
suppresses the progression of atherosclero¢@alkinaet al.
2006; Doranet al. 2012; Caligiuriet al. 2002; Mpjor, et al. 2002;
Kyaw et al. 2011; Binderet al. 2005).The pathology of
atherosclerosis was accelerated wsékctin deficient mice
(Rozenberget al. 2011) with74 % increased plaque formation in
the aorta alongside lower numbers of recruited Blal &reg cells
(Gjurich, et al. 2014).

Asthma L-selectin is not required for recruitment of neutrophils,
monocytes and eosinophils into the airwhyg during an allergic
inflammatory response. Howeverselectin mediates infiltration
of CD3+ T cells the airwaylung and sensitizes mice to airway
hyperresponsiveness after allergic airway disease was stimula
with ovalbumin Fiscuset al. 2001).

Tablel.1: Immune diseases correlated withrdelectin dependent leucocyteecruitment to
affected tissues.

1.3.5 L-selectin clustering induces signalling pathways that
AYONBIlasSa AyGSaANARY i SELNBaarzy
L-selectin clustering causes activation of the mitogenivating protein (MAP) kinase

pathway, superoxide generation, elevated intracellular calciunh juasid increased mRNA

expression bTNFh | [yBRBrenner et al. 1996; Brenneret al. 1997a; CrocketT orabij et

al. 1995; Waddellet al. 1994; Wadde|let al. 1995).
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Brenneret aldemonstrated thatl-selectin ¢usteringin Jurkat T cells induces lymphocyte

specific tyrosine kinase (p56 LdépendentLlJK 2 & LIK2 NBf [ GA2Y & GSNXYAYI
selectin ICD causing associattorboth goowth factor receptorbound protein 2(Grb-2) and

Son of Sevenless (STeA)ding to activation of Ras amthsrelated C3 botulinum toxin

substrate 2(Rae2), which increased O? synthedisdnner,et al. 1996). In later studies

they also found that activated Ras and Randuced by iselectin clusteringaused a

tenfold increase in actin filament polymerization which remained stable for 45 min, possibly

correlated with firm leucocyte adhesion to endothelial ceBseiner,et al. 1997).

In other studies, selectin crosdinking in neutrophils was linked to increased cell surface
SELINBaarzy 2F i A yelidsAdwkdyfhat/lselectinaclustebngy @ { A Y2 Y
sensitized neutrophils to platelet activating factor (PAF) mediated CD11b/CD18 expression
which doubled the numérs of neutrophils that transmigrateaicross endotoxirstimulated
human umbilical vein endothelial celdVEQgSimon.et al. 1995).Elevated CD11b/CD18
expression after4selectin engagement also increased neutrophil adherence to
enteroendocrine L calpreviously transfected with ICAMand human Eelectin Gopalan,

et al. 1997). Tsangt alfurther demonstrated that both iselectin clustering and 4&

expression increased neutrophil adherenceatbumincoated latex beads (ACL&8)dalso
increased natrophil transmigration acrosk-1 stimulated HUVECS ganget al. 1997).

Based on previous studies that show increased transcription®fhd ICAML in 11-1

stimulated endothelial cellZimmermanegt al. 1990;Sicagt al. 1990), Tsangt al

suggestd that Il-1 stimulates endothelial cells to release8lwhich acts in synergy with L
selectin b induce CD11b /CD18 dependent neutrotiihesion on upregulatedndothelial
ICAM1 dlowingtransmigration Tsanget al. 1997). Simoret althen found that closely

associated iselectin and CD18 were uniformly distributed along the circumference of
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resting neutrophils. 4selectin engagement caused rapid induction @din assembly
causing cdocalization of tselectin and CD18 at the sité the neutrophil membrane in

O2y il O 6AGK SYR2GKSE Adzy Sy KISmOfeyal1999). S ELINB &

Phosphorylation of p38 MAP kinase aftesdlectin clustering also elevates the immune
response by causing neutrophils to secrete bothoselary and tertiary granules in response
to IL-8 (Smolenget al. 2000). Additionally,sdectin crosdinking activates aclear factor of
activated Fcells(NFAT) which is recruited to the nucleus and interacts with the colony
stimulating factorl (CSHR) geneto activate transcription (Chemrt al. 2008; Chenet al.

2010). CSE regulates cell development and activity of monocytes enhancing the immune

response Koniceket al. 1998).
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1.4 Regulation of cell surfacesklectin expression levels

1.4.1 Ectodomain proteolysis ofdelectin by ADAM 17

Following protein kinase C (PKC) activation witbrbol 12myristate 13acetate(PMA), L
selectin is cleaved in the ectodomain between the membrane proximal site and second
short consensus repeaebween residues L§& and Se¥?? (Kahn.et al. 1994). The enzyme
responsible ig\ Disintegrinand Metalloproteinase 17 (ADAM 17 éschonet al. 1998).

After release of the 68 kDa ECD, an 8 kDa metalloproteinase (MP) product remains in the
plasmamembrane which comprises the transmembrane region andmimo acid L

selectin ICD Kahn.et al. 1994) (Fig 1.6

ADAM17 @

il )ﬂ'!{m}}nl'l

: Ectodomaln
proteolysis

Figure 1.5: Ectodomain shedding okklectin mediated by ADAM 1 PMA activates ADAM
17 which cleaves-electin at the ectodomain geneiaty an MP product comprising of a
transmembrane region and a dafmino acid tselectin ICD.
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1.4.2 Activation of the TCR modulates proteolysis and gene

transcription of L-selectin

Sudies have shown that TGRtivation modulates cell surface expressajri-selectin on
lymphocytes. For instance, T@Btivation in response to immunization of midrédley et

al. 1991), antigens derived from Sendai virus pneumoriisuiet al. 1993) or allogeneic

skin graftsMobley, et al. 1992) correlated with reduced cell surfaceselectin expression.
Within 3-4 h of TCR activation;delectin proteolyzes rapidly which decreases expression by
90 %. After 48 h, expression levels increagef@ld due to increased mRNA stability and de
novo protein synthesigHigh cell surface-&electin expression levels persist for 3 days and
finally lower at days4 due to a combination of proteolysis and a decline in mRNA levels

resulting in loss of gene transcriptio@lfao.et al. 1997).

Sinclairet a found that TCR activation initiates the phosphoinositidergase (PI3K) and
mechanistic target of rapamycin (mTOR) signalling pathway to downregusaiedtin by

increased proteolysis and reduced transcript{@inclairet al. 2008) (Fig 16
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TCR activation

PI3K
PI(4,5)P2
P1105
PTEN
PI{3,4,5)P3
mTOR vt -
Kinase Activation of ERK-1 . PKC PMA
and ERK-2
Decreased KLF-2 Phosphorylation of Thr-735
expression in cytoplasmic tail of ADAM 17

increasing membrane expression

Decreased transcription

of L-selectin L-selectin proteolysis

Figurel.6: TCR activation upregulate the PI3K and mTOR signalling pathway regulating L
selectin expression. FGSNJ ¢/ w F QUAQGI A2y S (GKS twmmnt & dzo
phosphoinositide (3,4,5) trisphosphate (PI(3,4ib#ter phosphorylation by PI3K.

PI1(3,45)R induces two signalling pathways which decrease expressioselektin. Firstly,
P1(3,4,5)Pactivates mTOR kinase which decreases KrdigeFactor 2 (KLF2) expressi
which is a transcriptional factdor L-selectin Consequently, lower levels ofklectin are
transcribed. Secondly, PI(3,4,b§etivates the mitogen activated protein kinases (MAPK),
extracellular signalegulated kinases (Etkand Erk2) which phosphorylate ADAM 17
increasing membrane expression e promotes tselectin proteolysis. PI(3,4,5)Rvels

can be regulated by the phosphatase and tensin homolog (PTEN) which removes a
phosphate group forming PI(4,5)&1d consequently reduces activation of mMTOR and MAP
kinases and blocksddectin downregulation (Sinclajret al. 2008).PMA activates PKC which
also induces ERK mediated phosphorylation of78% in the cytoplasmic tail of ADAM 17
increasing membrane expression and proteolysis of substrates-fidrguezet al. 2002;
Soond.et al. 2005)
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1.5 Cell surface-¢electin expression levels regulate
leucocyte recruitment to lymph nodes and inflamed tissues

1.5.1 Mutated kselectin constructs and metalloproteinase
inhibitors

In mouse models of inflammatory tissue injury, blockage-gdéctin function usingross
linking Lselectin usng mAbgMa, et al. 1993, nonspecific soluble oligosaccharides or
sulfatides (Nelsoret al. 1993 or chimeric Igs (Mulligaet al. 1993) decreased leucocyte
emigrationto inflamed tissuesnd peventeddamage Potentially, decreased-$electin

expression by ADAM 17 proteolysis attenuates the immune response in both acute and

chronic inflammation.

To analyse the immunological relevance @felectin proteolysign vivg mice have been
injected with matrk metalloproteinase (MMP) (KD-73-4) or ADAM (Ro 32790)

inhibitors. Also, different mutations ofdelectin have been generated where the membrane
proximal region (MPR) has been truncated or replaced with shorter homolatpains of

E or Pselectin(Migaki,et al. 1995;Stoddart,et al. 1996;Zhao,et al. 2001) (Fig 1.A) and
expressed in gene targeted mice resisting both basal and activettiuted proteolysis of-L
selectin(Venturi,et al. 2003;Galkinaget al. 2003;Wirth, et al. 2009). Human{selectin has
also been truncated at the MRRn -&l) Chenset al. 1995) (Fig 1.B), which has been used

to inhibit proteolysis in transduced monocytdzeniewiczet al. 2015).
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Figurel.7: Various kselectin MPR mutants resistant to AAM proteolysis.The amino acid

sequence of the MPR of mouse (A) and human-dJdctin are shown alongside the
primary cleavage site. (A) For mousselectin, three norshedding mutants have been

generated where the MPR has been replaced with shortgiores from Eselectin (L(E)) or
PASE SOUAY O nt-HhYRW2 (INDOzy Ba M. R2) X Bubgn fobmbof tiben Y
n N mutation has been generated in humasélectin where &mino acids (MIKEGDYN)

have been truncated from the MPR.



1.5.2 Lselectin expression levels regulate the velocity of cell

rolling along the endothelium

Studies have shown thatselectinexpressiorievels affect the efficiencyf leucogte

rolling. In vitrostudies showed KIDX-73-4 increased cell surfaceselectin expression,
causing neutrophils to roll at a slower velocity under hydrodynamic fidai¢hecket al.
1996). Leucocytes from mice injected with-KE¥3-4 also showed reduced rolling velocity
on exteriorised postcapillary venules that express fidentified L-selectn ligands (Hafezi
Moghadam and Ley1999). HafezaMoghadamet allater found that inhibition of iselectin
proteolysis prevents leucocytes from microjumping during rolling. Insteagtolcytes
adopted a new form of rolling, where contact with cytokine activated blood vessels was
more constant (Hafedloghadam et al. 2001). They argued that increased contact periods
between leucocytes and cytokine stimulated endothelium acceleratagaditin of the
integrin, CD18which binds to ICAM, leading to cell arrest and deeehted rolling (Hafezi
Moghadam et al. 2001; HafezMoghadam et al. 1999). Galkinat alused a hydrodynamic
flow assay to show that increasing cell surfagelectin b supraphysiological levels did not
reduce T cell rolling velocity, potentially due to the limited amounts of PNAd ligand
presented. However, T cells frorsklectin (+£) increased rolling velocity and thus
lymphocytes failed to effectively monitor endathial chemokine levels required for integrin

activation and cell arrest (Galkinet al. 2007).
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1.5.3 LEselectin proteolysis regulates transmigration of leucocytes

across the endothelium

Sudies havealsoshown that Eselectin expression decreases while leucocytes transmigrate
across the endothelium to enter lymphoid organs or inflamed tissue. For instance, d&vans
al demonstratedthat human monocies losecell surface expression ofselectin after
transmigration into skin blistersHvanset al. 2006).T cellsalsoshowed a 70 % reduction of
cell surface iselectin after transmigration across HEVs entering lymph nodes and spleen

(Klinger et al. 2009).

Further studies using gene targeted mice expresMip mutants or complete deficiency of
L-selectin have shown that sheddhngsistant or complete deficiency ofdelectin impairs
transmigration across the vessel wall and entry to inflamed tissues or lymphoid organs,
which suggests that-electin proteolgis is important for leucocyte transmigration across
endothelium ¥enturi,et al. 2003;Galkinagt al. 2000;Hickey et al. 2000). Hickeyet al

firstly showed that selectin deficient and WT leucocytes adhered equally to the
endothelium of PAF deeratinocytechemoattractant(KC) activated cremaster muscle.
However, chemokine dependent extravasation and leucocyte migration away from the
vessel into the interstitium was impaired irsklectin eficient mice Hickey.et al. 2000). In
later studies, ¥nturi et al showed thatgreater numbers of neutrophils expressib(E) L
selectinmigrated to the inflamed peritoneum than Wisklectin. Although the rate of
migration of neutrophils expressing WTIdE)L-selectin were similar, recruitment of
neutrophils expressing(E)L-selectin persisted longer than Wisklectin 24 h after
thioglycolate challenge (Ventyat al. 2003). Galkinat althen demonstrated thathe

number of T lymphocytes that entered Pi.flom the bloodstream were similar regardless
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transmigrated across HEVs more slowly than GdlKinaet al. 2003). Also, lymphocytes
failed to complete diapedesis and acaulated within the endothelial cell lining of HEVs

after mice were injected with Ro 3790 Faveeuwet al. 2001).

Rzeniewicet alfound that L-selectin proteolysis promotes cell polarity, which enhances
chemotaxis of monocytes across HUVECs during transmigratigino. Monocytes
expressing wild type-gelectin showed reduced numbers of pseudopods than cells treated
with MMP inhibtor TAPIO or those expressing shedding resistgni{N) L-selectin after 15
min perfusion over HUVECSs. It was argued theglectin/ERM protein complexes induce
RhoGTPase signalling which causes actin polymerization and protrusion of membranes
formingpseudopods. Hence, proteolysis would redueselectin/ERM complexes and
consequently pseudopod formation. This would polarize the cell and promote

transmigration Rzeniewiczet al. 2015).

1.5.4 Released slelectin controls leucocyte recruitment to EVs

and inflamed tissue

The cleaved soluble-selectin ECD (sdelectin) acts as an adhesion buffer limiting excess
lymphocyte recruitment to inflamed tissues during ongoing inflammation. During
constitutive proteolysis, skelectin is present in the plasrat concentrations 01.6+ 0.8

>g/mL in healthy blood donors and retains its lectin, Hilgd=and SCR domains allowing
interaction with the luminal surface of endothelial cells on both inflamed tissues and HEVs.
sl-selectin concentrations of at least 1ug/mL inhibited leucocytendothelial interactions

by competing with membrane bounddelectin for available ligands which arguably

attenuateimmune diseases (Schleiffenbapet al. 1992). In later studies, plasma-sélectin
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levels in patients with adultespiratory distress syndrome (ARDS) and connective tissue
disorders such as sclerosis and vasculitis were reduced in comparison to healthy individuals
and potentially cause increased leucocgiedothelial interactions on inflamed tissue

amplifying the inmune responsejonnelly.et al. 1994;Blann,et al. 1996). Proteolysis of-L
selectin by ADAM 17 therefore attenuates acute and chronic inflammation by preventing T
cell recruitment and activation in lymphoid organs and infiltration in inflamed tissue by
decreasing cell surface expression efdlectin and increasing Selectin levels in the

plasma.
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1.6 A disintegrin and metalloproteinases

1.6.1 The structure of A disintegrin and metalloproteinases

A DisintegrinAnd Metalloproteinase (ADAMBnzymes are Zndependent, complex
multidomain proteins that are members of the adamalysin protein family. ADAMs contain
an ectodomain with an N terminal signal sequencédlaa), a prodomain (1814 aa), a
metalloproteinase (MP) domain (243 aa), a dintegrin domain (474672 aa), a cysteine
rich domain (60371 aa) followed by a transmembrane region (&B2 aa) and lastly a

cytoplasmic tail (695324 aa) (Edwardet al. 2008 Hartmann et al. 2013) (Fig 1.8

Disintegrin Cys-rich
Pro MP ds da ow ch EGF-like Cyto tail
[ [ T | [ [ -
Linker ™

s R,

MP

ds
72+ ® '

ch €W
EGF
(SIS TS I8 T I% I8 DI

(SIS & I% I% 18 ] DIIIID
Cyto tail

Figurel.8: The structure of mature BAMs.Mature ADAMs contain an MP domain with

02dzy R “%yua (2 lfft2g SOG2R2YFIAY LINRGS2teara 2
disintegrin domain split by the shoulder (ds) and arm (da) regions. The ds and da domains of
ADAMSs bind to integrins for aékive functions. The cysteine rich domain contains hand (ch)

and wrist (cw) regions that contain disulphide bridges vital for structural stability of the MP

domain. The ectodomain also contains an epidermal growth factor like (EGF) domain.

Following the emdomain of ADAMSs is a transmembrane region trailed by a cytoplasmic tail

that anchors the protein to the membrane (Modified frddartmann,et al. 2013).
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1.6.2 The metalloproteinase domain of ADAMs

The metalloproteinase (MRJomain is classified as a globular structure whsctivded into

two subdomains (Fig 1)Between the two subdomains lies the active site cleft composed

2F UGUKS aSljdsSyO0S 19- -1 -D-- -1 (BNYBI).ThES ¥%yus
upper subdomairh & O 2 Y LJ2-pléatRd sBe€ts Iping pallal to one another and also

to the substrate. In this configuration, the upper subdomain binds the substrate in an

extended manner. The upper domain also containS @ S-helices (labelled as A in Fig

1.9;thS f 2 aeBxdabelled as B in Fig )@cludes the catalytic zinc binding site
HEXXMXGXXH followed layconserved methiane residue that induces a t4turn (Met-

turn) essential for orientating the lowesubunitto completethe catalytic cleft. Théower
subdomairnonlyO 2 y i I A yhdlix (I2bgliSd as C in Fig }8cated at the C terminus. The

essential catalytic zinc atom is situated between the two subdomains at the bottom of the

groove Edward.et al. 2008).
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Figure 1.9 Structure of the MP domain of ADAM 1The MP domain of ADAM 17 contains

two subdomains called the upper and lower subdomains. The upper subdomain contains 5

i-LJ SFGSR aKSSKSt hgRaabULSOBEEIBR & '0d ¢KS 2
contans the conserved HEXXHXXGXXH region that binds zinc allowing catalytic activity of

ADAM 17. A1, 4furn (Met-G dzNy 0 A& F2dzyR F FGSNJ 6KS hi KStA
ddzo R2YFAY O6O02YLINAAAY3T 2F 2yS h KSfdnE o6fl 0S¢ f
Between the two subdomains lies the active sko(lified fromEdwardset al. 2008).
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1.6.3 Catalytically active and inactive ADAMs

ADAMSs possess both catalytic and adhesive functions which serve as important mediators of

cell signalling eventd&Edwardset al. 2008). These distinct functions of ADAMs are
O2NNBfIFGSR gAGK GKSANI NRBfS Ay RAaASIAS LINRBOSa
disease (Deusst al, 2008;Holgate et al. 2006;Garton,et al. 2006). The human genome

contains 21 different ADAMs, where ADAME,122, 23, 29, 31 and 32 are catalytically
AYlIFOGABS YR NS RSTFAOASY:G Ay SAUGKSNI Y at R
(HEXXHXXGXXH) at the catalytic domain. These catblytiaative ADAMs are involved in
intercellular communication due to their adhesive interactions with integrittbaardset

al. 2008). The remaining 13 ADAMSs regulate ectodomain proteolysis of various type | and Il
transmembrane proteins such gsowth factors, cytokines, receptors and adhesion

molecules In 1997, ADAM 17 was the first ADAM identified with catalytic function and it

was shown to cleave TNFX Ol dzaAy 3 NBf S| &S 2 Blackiekab19972 f dzo f S
Moss,et al. 1997b) (Fig 1.J0ADAM 17 expression is tissue specific and is found mainly in

the heart, kidney, skeletal muscle and brdatack.et al. 1997).ADAM 17 has a unique

sequence with negligible siraiities to other ADAMslts closest relative is ADAM 10

however; the homoloy is less than 30 %00z et al. 2010).
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Figurel.10 Catalytically active ADAM 17 regulates ectodomain proteolysis of type | and Il
transmembrane proteinsBoth catalytically inactive and active ADAMs hawisintegrin

domain (DIS), epidermal growth factor like (EGF) domain, transmembrane domain (TMD)
and cytoplasmic domain (CD). Both forms of ADAM 17 also contain the metalloproteinase
domain (PROT). Unlike naatalytic ADAMs, catalytic ADAMs contain #irec binding

region HEXGHXXGXXHD required for proteolysis of substrates. Catalytically inactive ADAMs
function to bind integrins. Catalytically active ADAMs cleave type | and Il transmembrane
proteins at the ectodomain generating an MP product. The cleaofuble ectodomain of

type | and Il transmembrane proteins are released and can act by binding cognate receptors
on interacting cells initiating downstream signalling (Weber and Saftig, 2012).
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1.6.4 ADAM 17proteolysis regulatedpiochemical pathways

ADAM 17 proteolysis of substrates either stimulates or inhibits specific biochemical
pathways. Firstly, ectodomain release of inactive growth factor substrates allow binding to
cognate receptor initiating downstream signalling. For instance, ADAM 17 sleaparin

binding EGHike growth factofHBEGF) and releases soluble-HBF which can bindsit
cognateepidermal growth factor receptor (EGFR) causing proliferation of the@etdZ et

al. 2006). ADAM 17 proteolysis also downregulates membrane expres$receptors,

which abolishes interactions with cognate ligands such as the macrophage colony
stimulating factor receptor, which attenuates macrophage activat®ovidaet al. 2001).

The importance of ADAM 17 proteolysis of receptors is correlateld diieases such as

TNFh NBOSLIi2NI I ad20AFGSR LISNAZ2RA D WWEONNIGS N3 &y
a mutation at the cleavage site which abrogates ADAM 17 proteolysis and consequently
accumulates at the membrane elevating interactions with s@dF» S RAy 3 {2
inflammatory responsescDermott,et al. 1999). Elevated ADAM 17 proteolysis is also
correlated with diseases such as breast cancer. Overexpression of human epidermal growth
factor-2 (Her2) in breast cancer cells causes high levetobfble Het2 due to proteolysis.

As a consequence, therapeutic antibodies targeting-Hsignalling in breast cancer

interacting with high levels of the soluble receptor result in inefficient blockade of cell

surface EGFR and cancer recurrei@redowiz, et al. 1997).
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1.7 Regulation of ADAM 17 catalytic activity

1.7.1 Maturation of ADAM 17

Newly synthesised immature ADAM 17 is catalytically inactive and is termed a zymogen.
Immature ADAM 17 contains a podmmain at the N terminus which inhiliits catalytic
function (Gonzaleset al. 2004). Amino acids PEe Aspy, pAsp, Maly e @ a 19amino
acid leucine rich sequence in the pdomain interacts with the catalytic site of ADAM 17
rendering the enzyme inactive (Buck|est al. 2005).The predomain also acts as a
chaperone preventing degradation of immature ADAM 17 during traffiotdnglers.et al.
2001;Milla, et al. 2006).Initially, at the endoplasmic reticulum (ER), immature ADAM 17 is
N-glycosylated, whereraloglycosidaséd (endo-H) sensitie glycans are added taD®AM 17

At the medial Golgi, more-fhked sugars are conjugated to immature ADAM 17 before
entering the transGolgi network. Glycans are then modified to become resistant to ¢thdo
(Schléndorffet al. 2000), alloving cleavage at amino acids RVKR between thedproain

and catalytic domain of ADAM 17 by Golgi resident enzyme furin. This proteolytic event
removes the predomain generating mature ADAM 17 with catalytic potentfedr@in, et al.
2012;Schlondorffet al. 2000). Phosphofurin acidic cluster sorting protein 2 (P2QRen
binds the cytoplasmic tail of mature ADAM 17 and facilitates trafficking to the membrane
(Dombernowskyet al. 2015) (Fig 1.1 ADAM 17 also traffics from the ER to the cell surface
after Thmum the cytoplasmic tail is phosphorylated by MAP kinase extracellular signal

regulated kinase (Erkpoond.et al. 2005).
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Figurel.11 Maturation of ADAM 17Immature ADAM 17 contains a prodomain at the N
terminus and is catalytically inactite. Immature ADAM 17 is first located at the ER where it
is Nglycosylated and later trafficked to the trai@olgi network. Immature ADAM 17 is
processed at the tran&olgi where the prodomain is cleaved by furin. Mature and
catalytically active ADAM 13 generated and enters the secretory pathway to traffic to the
membrane to cleave substrates. PAZBinds to the cytoplasmic tail of mature ADAM 17
and promotes trafficking to the membrane preventing intracellular degradation
(Dombernowskyet al. 2015).
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Mature ADAM 17 localizes in cholesterol rich lipid rafts at the Golgi apparatus separating
this enzyme from substrates. Moreover, lipid raft depletion using cyclodextrin caused
excessive ADAM 17 mediated proteolysis of substrates. Lipid raft loc@lizdtADAM 17

during the maturation process therefore acts to protect the host against unnecessary
shedding of cell surface proteins which would activate/inhibit biochemical pathways causing

potentially harmful effectsTellier,et al. 2006).

1.7.2 IRhomsfacilitates maturation and substrate specify of

ADAM 17

IRhoms are noiftatalytic members of the rhomboid intramembrane protease family and are
deficient of the catalytic residugs S NH x 1 (LefmBerglaidFreasman, 2007; Waet,

al. 2006) (Fig 14 A).Adrianet alshowed that ADAM 17 is not expressed in iRHdbm

deficient macrophages and remains inemdo-H nonresistant state in the ER, which

cannot be cleaved by furin. IRhePZbinds to both mature and immature ADAM 17;

however, the interactions reduced after furin cleavage. It has therefore been suggested
that IRhom2 binds ADAM 17 in the ER and migrates to the Golgi apparatus. Furin cleavage
of ADAM 17 would then remove IRhe2rallowing mature ADAM 17 to residethe trans

Golgi network (Adan, et al. 2012) (Fig 1.1B). Howeverin their later studies, theghowed

that loss of iRhorl or iRhom2 in mouse embryonic fibroblasts (MEFs) partially reduces
maturation of ADAM 17 and subsequent trafficking to the cell surface, whereas loss of both
iIRhoms show complete inhibition. They argued that IR¥bexpression is high in
macrophages explaining why IRhe2rdeficient macrophages frotheir earlierstudies

showed complete deficiency of ADAM 17 maturation. However, IRh@xpression is
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abundant in other cell types such as MEFs where it would regulate ADAM 17 maturation

(Christora, et al. 2013).

A

rhomboid

cytoplasm

( Golgi

(" ER )
&

IRhom

Figurel.12 IRhom structure and function during ADAM 17 maturatiof®) The structure

of iRhoms. IRhoms (red) have a similar sequence and structure as the catalytically active
rhomboids (blue). However, iRhoms lack the catalitis 8 A RdzS&a { SNl xuy | yR
catalytically inactive. (B) IRhoms function during ADAM 17 maturation. IRhoms and
immature ADAM 17 are both abundantly expressed at the ER where they initially interact.
IRhoms then traffics immature ADAM 17 to the Galgparatus. At the Golgi apparatus, the
prodomain of immature ADAM 17 is cleaved by furin which removes iRstnsi,et al.

2012).
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ADAM 17/iRhorrl and ADAM 17/iRhofd complexes act as two different molecular
scissors which proteolyze different substrat@ith distinct stimuliatthews, et al. 2016).

For instance, PMAtimulation did not induce ADAM 17 proteolysis of some substrates such
as Eph receptor B4 (EphBdij,ligand 2(KitL2) andytrosine kinase with immunoglobuliike

and EGHike domains2 (Tie-2) in iRhora2 deficient MEF cells yet proteolysis for other
substrates such asansforming growth facteh  0-¢ W& elevated. Furthermore, siRNA
against iRhonri in iRhom2 deficient MEF cells abolished ADAMpt@teolysis of TGF

after PMA stimuléon. However, ADAM 17 substrate specificity based on the bound isoform
of iRhom also depends on cell type. For example, IRBa®ficiency in brain leucocytes
attenuated Lselectin proteolysis after PM#&imulation (Li,et al. 2015) yet shedding was
unaffected in iRhorR deficient MEF celldfaretzky, et al. 2013). In MEFs, the N terminal
cytoplasmic domain of iRhoms regulate PMA induced ADAM 17 proteolysis as shown in
iRhom2 deficient MEF cells where complementation of iRR®nbut not iRhor? lacking

its Niterminal cytoplasmic domain rescderoteolysis oKitL2 (Le Galét al. 2010,

Maretzky et al. 2013).

1.7.3 Extracellular stimuli activates ADAM 17 and induces

proteolysis

Ectodomain proteolysis of substrates is stimulated by extracellular stimuli such as thrombin,
growth factors, pathogesactivated molecular patters (PAMPSs) and cytoki(easibasand
Massague, 1995-an and Derynck, 199Bloriuchj et al. 2007y Le Gallet al. 2009 Prenze)

et al. 1999 Sahin et al. 2004 Swendemanet al. 2008 Chanthaphaeng, et al. 2012).

These extracellular stimuli initiate intracellular signalling pathways which activate ADAM 17

inducing proteolysis of substrates. For instance, thrombin binds to tpeo®in coupled
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receptor called protease activated recepibr{PARL) and initiates nitic oxide (NO)
production which activates ADAM 17 and induces proteolysisidbthelial protein C
receptor(EPCR) (G@ohengt al. 2015). Also, stimulation of the Tdike receptor 4 (TLR)
by PAMPs such as LPS causes expression of nitric oxide sy(ill@S) in hepatocytes,
which induces production of NO. NO activatgslic guanosine monophosphai@eGMP) and
protein kinase G (PKG). Activated PKG phosphorylates serine and threonine residues in the
cytoplasmic tail of ADAM 17 alongside iRR2rfacilitaing increased membrane expression
and activation of ADAM 17 causing elevated proteolysis of tumour necrosis-factor
receptorl (TNFR)in hepatocytes (Chanthaphavorgt al. 2012). LPS also upregulaR®S
by flavoprotein oxidoreductases which rapidigtisate ADAM 17 using p38 MAP kinase.
Activation is redox sensitive as exogenouSiHbhosphorylates MAP kinase, while
scavenging ROS attenuates {afvation of ADAM 175cott,et al. 2011). Additionally, the
inflammatory peptideN-Formylmethionineleucy-phenylalaningfMLP) initiates both p38
and Erk MAP kinase pathways, which triggesslectin protelysis in neutrophils (Fan and

Derynck 1999).

Cytokines such d&-6 andIFN! stimulates Erk, causing activation of ADAM 17 and

proteolysis ofneuregulin Kalinowskigt al. 2010). The proinflammatory cytokine1L

increases ADAM 17 mRNA levels by threefold and consequently elevates amyloid precursor
protein (APP) proteolysis in human neuratitama cellsTachidagt al. 2008. Later studies

shoved thatlmi St SOl 6Sa SELINB&aaAzZy 2 Fuclkedfador mT 0 @&
kappalight-chainenhancer of activated B cel[SSFkB) and substrate amphiregulin using
NFkB,c-Jun Nterminal kinase$JNK), ERK 1/2 and p38 MAPK signalling pathwayk whic

increases mteolysis of amphiregulin (Liet al. 2014).
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Additionally, mitogenic growth factouch adibroblast growth factor (FGF) andbgelet-

derived growth facto(PDGF) bind to cognate tyrosine kinase receptors FGFR and PDGFR

and induce Erk MAKInase signalling which triggers proteolysisof TN® ! RRAGA 2y | f f &
inhibition of PKC using mutational or pharmacological approaches does not abrogate TNF
proteolysis by FGF or PDGF showing growth factors do not upred@#at for proteolysis

(Fan andDerynck 1999).

1.7.4 Protein disulphide isomerase inactivates ADAM 17 and

regulates substrate interaction

Bennettet alshowed that ADAM Lproteolysis of substrates was potentiated in the
presence of thiol isomerase inhibitor bacitracBeqnett,et al. 2000).In later studies,
Willemset aldemonstrated that protein disulphide isomerase (PDI) was the thiol isomerase
which regulates ADAM 17 activity. Blocking antibodies against PDI or siRNA silencing
elevated ADAM I-dependent proteolysis of HBGFRafter PMA treatment. Furthermore,
addition of exogenous PDI reduced proteolysis of@8- in PMAtimulated, but not resting
HelLa cellsWillems,et al. 2010).Wanget alfound that catalytic activity of ADAM 17 lacking
both a predomain and cytoplasmic tiavas lowered after reduction by dithiothreitol and
potentiated after oxidation with HOi showing that thioldisulfide conversion occurs in the
extracellular domain. Furthermore, they also mutated two conserved CXXC maaiX{C

and &1 XXC) in the distegrin/cysteine rich region to ADAM 17 to alanines which
abrogated Eselectin proteolysis which potentially showed that redox modifications of these
cysteinyl sulfhydryl groups regulate catalytic activityafg,et al. 2009). Antibodies were

used to bindhe MP domain (A9) and the disintegrin/cysteine rich region (A7 and D3) of

recombinant ADAM 17, treatment with PDI prevented A7 and D3 from interacting the
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disintegrin/cysteine rich region, yet A9 still bound the MP domain which was correlated with
reducedproteolysis of TNE and a myelin basic protein. These results illustrated that PDI
isomerizes disulphide bonds in the disintegrin/cysteine rich region of ADAM 17 which causes
a conformational change in the catalytic site interfering with proteolysigléms,et al.

2010).

However Dusterhoftet al showed that PDI interacts directly to the MPR of ADAM 17. The
MPR of ADAM 17 possesses two disulphide bonds one between@yd Cyau §Cys 600
630) and the other between Qysand Cysiti{Cys 635%41). PDI isomerizes these disulphide
bonds causingoth the Cys 60®35 and Cys 63641 disulphide bonds overlaphis change
in structure causes the MPR to convert from an open and elongated conformation to a
closed, rigid and compact structuvehich suggestively prevents substrate recognition
(Dusterhoft et al. 2013) (Fig 1.13In later studiesPusterhéftet alresearched how PDI
isomerization of the MPR prevents substrate recognition of ADAM 17. They found that
ADAM 17 contains a smaHhelical juxtamembrane segment termed a small stalk region
between the MPR and transmembrane region. This stalk region contaiasiivb acids
termed theconserved ADAM seventeen dynamic interaction sequence that bindgratdss
(CANDIS) which was shown tadbamino acids317-ESRSPPAENEVSTRI@Rinthe
ectodomain ofthe ADAM 17 substratenterleukin6 receptor (IE6R). PDI isomerization of
the MPR to a closed structure consequently blocked CANDIS from bin@Rgathich

attenuated proteolysis@usterhoft,et al. 2014).
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Figurel.13 Structural consequences of PBiediated disulphide isomerization of the

ADAM 17 MPRIn the open conformation two disulphide bonds between Cys-688 and

Cys 638641 in the MPR of ADAM 17 are positioned away fromamaher. PDI causes
overlap between Cys 68885 and Cys 63641 which causes a structural change of the MPR
converting from an open to closed structui@i(sterhoft,et al. 2013).

1.7.5 Phosphatidylserine lipids in the plasma membrane regulate

ADAM 17activity

Cationic amno acid residue region (RK_K) in the MPRDAM 1'bindsto
phosphatidylserin€Ptd-L-Ser)lipids at the plasma membrangé (N & { f§ &K [2015;
Sommereget al. 2016).In a resting cell, Ptd-Ser is located at the inner leaflet thfe plasma
membrane and does not interact with the MPR of ADAM 17. Consequently, the MPR of
ADAM 17 is freely structured causing the catalytic site to be at a distance from type | and Il
transmembrane proteins. After cell stimulation, Rt¢Ser translocats from the inner to

outer plasma membrane leaflet and interacts with the MPR of ADAM 17 which orientates
the catalytic site towards the substratadilitating proteolysis (Sommget al. 2016) (Fig

1.14).
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Figurel.14 Interaction of the MPR and stalkegions of ADAM 17 to Ptl-Ser promotes
ectodomain proteolysis(A) Under basal conditions, PleSer is located at the inner leaflet
of the plasma membrane. The catalytic site of ADAM 17 is located at a distance from its
substrate reducing ectodomain praplysis. (B) After cell activation, PteSer is translocated
from the inner to outer plasma membrane leaflet. The MPR of ADAM 17 use cationic
residues (indicated as +) to bind exposed-Bfer. This causes structural reorientation of
ADAM 17 allowing theatalytic site to be within a closer region to the substrate allowing
ectodomain proteolysisSommer gt al. 2016).

1.7.6 ADAM 17binding partnersmodulate proteolysis

ADAM 17 interacts with variowextracellular and intracelluldsinding partnerswvhich either
augment or diminish its catalytic activity. Tissue metalloproteinase inhibitor 3 B)MP
naturally inhibits the catalytic function of ADAM 17 after directly interacting with the
extracellularcatalytic site Amour,et al. 1998).Also, the syapse associated protei (SAP
9) uses its PDZ3 region to bind the extremteacellularGterminus of the ADAM 17
cytoplasmic domainbut SAP regulation of ADAM 17 activity remains controversial.
Peirettiet alfirstly showed that overexpression of S8mhibited ADAM 17 proteolysis of

TNFh | YR ¢ b Cw wWeiretif, & al @d93Dd)wiHowever, Sureret al challenged these
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findings by showing that SAPiInteracts with the cytoplasmic tails of the ADAM 17

substrate preTGF" | & ¢St t | a oteridlyaenhances subdratépkeseniation
for proteolysis Surenagt al. 2009;Gooz et al. 2010). Lkewise, nardilysin binds to the
intracellular domains oADAM 17 and HEGF enhancing ectodomain sheddiNgshi,et al.
2006). AlsointracellularFourand Half LIM domain 2 protein (FHL2) bridges ADAM 17 to the

actin cytoskeleton to be at near membrane bound substra@an@ultet al. 2006b).

1.7.7 Tetraspanin CD9 binds to ADAM 17 and regulates activity

Tetraspanins (TSPANS) (Fig Lsiieh as CD9 ganizes cell surface microdomains after
interaction with additional tetraspanins and transmembrane proteins (Ydhezet al.
2009;Hemler,et al. 2003;Barreiro,et al. 2008). In these microdomains, TSPANSs regulate
functions of transmembrane proteins farstance, CD9 forms complexes with sevegsl
integrins and regulate cell adhesion, signalling, proliferation and migrabealle et al.

2007; Berditchevsk001).
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Figurel.15 Diagram of typical TSPAN structufESPANs have four transmembrane helices
(light and dark grey; labelled as4). A large extracellular loop (between 70 to 130 amino
acids) link transmembrane domai(iBMD)3 and 4 and contains three helices labelled as A,

B and E in blue and also a variatdgion (red) in between helices B and E which allow
interactions with binding partners. TSPANSs also contain a small extracellular loop (between
13 to 30 amino acids) between TM domains 1 and 2 alongside shartd\G terminal

cytoplasmic tails (6 to 18mino acids) and a small inner loop (of 4 amino acids). TSPANs
exist as homodimers, or associate with other TSPANs which is regulated by palmitoylation of
multiple membrane proximal cysteines (orange zigzags) (Hemler, 2014).
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GutiérrezLopezet alfound that ADAM 17 directly interacts with the large extracellular loop
(LEL) of CD9 at the plasma membrane. Furthermore, overexpression of CD9 reduced ADAM
17 proteolysis of both TNFand ICAML, whereas CD9 silencing decreased |JAM
expression on stimated HUVECs due to elevated ADAM 17 proteolysis. Additionally, PMA
dissociated ADAM 17 from CD9 enhancing its catalytic function (Gutiébpez et al.

2011). CD9 also interacts with ADAM 17 substratesH&d-, preT GF, pro-epiregulin and
pro-amphiregulin (Shi,et al. 2000;Higashiyamagt al. 1995 Inui, et al. 1997; Hemler2003.
Tsukamoteet alfurther showed in Jurkat T cells that cell surface expression of ADAM 17
substrate, sortiliarelated receptor (LR11) is regulated by its interaction W@i9. After CD9
silencing, LR11 was localized in the intracellular compartment and did not proteolyze after
PMA treatment Tsukamotogt al. 2014). CD9 therefore potentially forms cell surface
substrateenzyme complexes in resting cells where rapid ADAMr&ieolysis occurs after

CD9 dissociation by PMA (GutiérleZpez et al. 2011; Tsukamotogt al. 2014).

1.7.8 The cytoplasmic tail and transmembrane region of ADAM 17

It remains disputed whether the cytoplasmic domain of ADAM 17 regulates catattititya
and proteolytic cleavage of substrates. Several studies have demonstrated ADAM 17
activation after phosphorylation of the cytoplasmic domain (ERaxriguezet al. 2002; Fan
and Derynck, 199%an.et al. 2003;Soondet al. 2005; Xu and DeryncR010). Diaz
Rodriguezt al showed that Thium the cytoplasmic domain of ADAM 17 is phosphorylated
by the Erk MAPK signaling pathway after PMA treatment and later proposed that Hhr

phosphorylation activates ADAM 17 and induces proteolysis {Ruaizguez,et al. 2002).

In later studies, Xat alshowed that ADAM 17 forms dimers which are predominantly

expressed in the plasma membrane of resting cells while TBMiRAds directly to both ECDs
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of the ADAM 17 dimer silencing its catalytic activity. Aft activation, ERK and p38 MAPK
signalling pathways shifts cell surface ADAM 17 dimers to monomers causing dissociation of
TIMR3 which then generates a catalytically active ADAM 17 that proteolyze$ TNie
biochemical mechanisms by ERK and p38 Msdrt@lling that increase levels of cell surface
ADAM 17 monomers are currently unknown. efwal suggested that ERK/p38 MAPK
phosphorylation of the ADAM 17 cytoplasmic domain atTildisrupts intermolecular
interactions between ADAM 17 dimers. Also, ERB/MAPK phosphorylation of Brs A Y
the cytoplasmic domain of ADAM Wbuld cause increased trafficking of intracellular

ADAM 17 monomers to the plasma@embrane (Xuet al. 2012) (Fig 1.16
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Figurel.16 MAP kinase signalling pathway regulates calirface expression of activated
ADAM 17.(A) In the absence of MAP kinase signalling, inactive ADAM 17 is present at the
membrane as a dimer while associated with TIBIPB) After cell activation, the MAP kinase
ERK phosphorylates the cytoplasmic don@iADAM 17 causing dissociation of dimers and
disrupting TIMR3 interaction which increases cell surface presentation of active ADAM 17

monomers. Intracellular monomers of ADAM 17 are also phosphorylated by MAP kinase ERK
facilitating trafficking to the désurface Xu,et al. 2012).

However, other studies have shown that the cytoplasmic domain of ADAM 17 is not
required for its activation after cell stimulatiofi¢riuchi,et al. 2007; LeGall,et al. 2010;
Reddy et al. 2000;Hall,et al. 2012). Le Galt alfound that phosphorylation of threonine,
serine and tyrosine residues in the cytoplasmic domain of ADAM 17 was not required for
catalytic activity as ADAM 17 truncated of its cytoplasmic domain was still activated by

thrombin, LPA, TNFand the growth factor EGF. They suggested thatlihcts as an
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inhibitory residue and allows ADAM 17 activation after phosphorylatioris@leet al.

2010).

Hall and Blobel challenged this hypothesis by generating two forms of ADAM 17 where the
Thmiunesidue was mutated to a ngphosphorylatable (T735A) or phosphamicking

(T735D) state alongside a truncated version where the cytoplasmic domain was removed
and showed that all three constructs of ADAM 17 were activateld kir MAP kinase. They
also reealed that the MAP kinase inhibitor SB203590 attenuated activation of ADAM 17
lacking its cytoplasmic domain, displaying that activation of ADAM 17 is not reliant on the
cytoplasmic domain or Thuphosphorylation (Hall and Blobel, 2012). leamal did nat

observe phosphorylation of Thnafter cellular activation, also Tiannmutation to non
phosphorylatable alanine (T735A) did not abolish growth factor phosphorylation of ADAM
17 Fan.et al. 2003). Instead, they showed phosphorylation at=Bes the g/toplasmic

domain of ADAM 17 by the Erk MAPK signalling pathway after cell activation by growth
factors EGF and FGF. Neither mutation ob$# non-phosphorylatable alanine (S819A)

nor truncation of the cytoplasmic domain attenuated ADAM 17 proteolySisGF" (Fan,et

al. 2003. Sen, imadjacent to a motif which interacts to tlRDZ domaiktontaining protein
(PTPH)Ywhich suggestively dowregulates ADAM 17 expressiatheng.et al. 2002). Faret

al suggested that Say, pimosphorylation regulates ADAL17 processingHan,et al. 2003).

Other studies have reported that the transmembrane region of ADAM 17 regulates activity
(Horiuchi,et al. 2007; LeGall,et al. 2010;Reddyet al. 2000;Hall,et al. 2012;Xu, et al.

2012). Reddgt aldemonstrated that overexpression of the soluble ECD of ADAM 17 did
not induce proteolysis of TNF, however catalytic activity was restored after anchorage to

the plasma membrane with the transmembrane, which was further shfimwADAM 17
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lacking its cytglasmic domain (Reddgt al. 2000). Also, replacement of the
transmembrane domaifTMD)of ADAM 17 with iselectin or the ADAM 10 substrate

betacellulin (BTC) attenuated activation after PMA treatmentGhd,et al. 2010).

1.8 Lselectin ICD bindingartners regulate ADAM 17

proteolysis

Truncation of the 1/amino acid tselectin ICD lowers PMA induced shedding-sélectin
from 88 % to 44 %, highlighting that this domain is important in requdatictodomain
proteolysis (Zhacet al. 2001). Kahret al found that calmodulin (CaM) binds to théPRof
the L:-selectin ICD. This interaction is disrupted in response to CaM inhibitors such as
trifluroperazine and calmidazolium and this correlated with downregulatsdléctin
expression, which was rescuedngs broadspectrum metalloprotease inhibitors. This
CaM/L-selectin ICD complex therefore protectsélectin from ectodomain proteolysis

(Kahn.et al. 1998;Matala, et al. 2001).

Gifford et almonitored interactions between CaM and a synthetisdlectinpeptide
comprising of a transmembrane region and ICD in agueous solution.-drelNE lobes of
CaM bind to hydrophobic residuesiieand Lew #nithe transmembrane region of L
selectin and Lau inzhe L-selectin ICD. A twetep model was proposed,here CaM firstly
binds to positively charged residues i3édlectin ICD and then to Let euwu pcansequently
pulling the transmembrane region ofdelectin downwards and/or perturbing the lipid

bilayer, burying the ADAM 17 cleavage site in the extraleeglregion(Gifford, et al. 2012)

(Fig 1.17.
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Figurel.17: CaM binds to both the transmembrane and ICD eddlectin inducing

structural changes(A) In a resting cell, CaM interacts with positively charged residues in the
juxtamembrane region of thé-selectin ICD. Thedelectin ICD also binds ERM family

proteins which connect to actin. (B) Clustering@ 8t SOGAyY o6& fA3IlFyR O dz&
from the endoplasmic reticulum (ER) allowing CaM to bind hydrophobic residues in the ICD

(Leuu pand tansmembrane region (lle ard Lews ) @AM pulls the transmembrane region
downwards, inducing a conformational change at the extracellular sidesefelctin burying

GKS Ot SI@Fr3S aArAdS FNRBY !'5!la mM1® o6/ 0 dingdSNI OS
dissociation of CaM fromdelectin. This exposes the ADAM 17 cleavage site in the

ectodomain of kselectin promoting proteolysis. ERM proteins continue to interact with L

selectin allowing an indirect linkage to the actin cytoskeleton which potéytidlows ce

localization with ADAM 17. Thesklectin ICD is also phosphorylated by PKC isozymes which

may modulate interactions with other protein binding partners (Modifi€ifford, et al.

2012).

However, Dengt alargued that a downward shift ofd¢electin would cause polar residues

in the extracellular region to be inserted in the hydrophobic lipid bilayer, costing free energy
(Fig 1.18A). It was disputed that the-selectin/CaM interactions could be studied in

agueous solution as the transmemioi&region adopts a helical structure in a lipid bilayer,
which potentially buries lie wrd Lew Bram CaM. Therefore, Dergj alembedded a

synthetic Lselectin peptide (CLS) in a liposome and monitored interactions with CaM. CaM

adopted an extended conformation while bound to basic residues in the juxtamembrane

70



region of kselectin ICD. They showed that CaM cannot interact wighttansmembrane

region of kselectin when CLS was presented in lipnee Deng.et al. 2013) (Fig 1.18).

They also showed that CaMéelectin ICD interactions were abolished when liposomes
were enriched withPtd-L-Ser Positively chargeddelectin ICDormed electrostatic
interactions with negatively charged PteSer sequestering-@rminal L-selectin away from
CaM. CaM alone does not disrupt interactions betweenlP&kr and iselectin IC2and fails

to interact (Fig 1.1&). However, CaM;delectinlCD and moesin formed a complex inPtd
L-Ser enriched liposomes suggesting that CaM and moesin together interrupt electrostatic
interactions between iselectin ICD and P4dSer allowing this hetetrimeric complex to

form (Denget al. 2011; Denget al. 2013) Fig 1.18). This finding agreed with molecular
modelling by Killockt aldisplaying a 1:1:1 heterotrimeric complex of Cahselectin and

ERM proteins Killock.et al. 2009).
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Figurel.18 Complex tselectin CaM/ERM interactiongA) Proposednodel byGiffordet al
(Fig 1.17, CaM adopts a compact structure while bound to the transmembrane and L
selectin ICD of-kelectin in aqueous solution. (B) Degtgal showed that CaM is found in an
extended conformation while bound tedelectin ICD of a synthetic peptide corresponding
to L-selectin (CLS) in liposomes deficient in-Rfer. (C) Interaction betweenselectin ICD
and CaM is interrupted when liposomesntain PtdL-Ser in the bilayer. Positively charged
L-selectin ICD instead forms electrostatic interactions with negatively charged-$¢d. (D)
Moesin and CaM together disrupt these electrostatic interactions and bind-geddctin

ICD (ModifiedDPeng.et al. 2013).

Affinity chromatography studies by Ivegt al showed that moesin from extracts of PMA
treated lymphocytes associates with thesélectin ICD; this interaction was disrupted
following PKC inhibitor treatment. In contrast, ezrin constitety bound to tselectin ICD
irrespective of PKC activation statigetic, et al. 2002). Furthermore, the disruption of an
interaction between the iselectin ICD and ERM proteins attenuated PMA induced
proteolysis [vetic,et al. 2004). It was argued thatost-translational modification such as
PKC phosphorylation of theselectin ICD may regulate interaction between CaM, ERM
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proteins and subsequently ectodomain proteolysis. For instance, i€tlialshowed that
during PMA treatment, PKC isozymeand ¥bind to L-selectin to phosphorylate Sertamg)
Sew Bnthe L:=selectin ICDKilian,et al. 2004). Mutating S367 to phosphmimicking D367
leads to constitutive proteolysis in the abserafePKGtimulation;whilst A367could not be
cleaved by ADAM 1Kflock,et al. 2010) showing that phosphorylation of serine residues
regulates proteolysisGifford et alalso showed that the side chains of both Beamq Semw bi b
are orientated towards the Nerminal F for 4.1 protein, E for ezrin, R for radixin andio¥
moesih (FERM) domain of bound ERM proteins. They argued that introduction of one or two
negatively charged phosphate groups due to PKC phosphorylation may induce or disrupt
intra/intermolecular interactions and consequently exchange ezrin for moesth &
conformational change in thedelectin ICD would also cause CaM to dissociate, rendering

L-selectin susceptible to ectodomain proteoly<&iftord, et al. 2012).

1.9 ADAM 17 independent proteolysisf L-selectin

L-selectin proteolysis has beelocumented in ADAM ZXdeficient fibroblasts generating a 6

kDa transmembrane fragment. ADAM dependent proteolysis was not observed after cell
stimulation with PMA; however, stelectin was released under basal conditions and was

blocked using a hydroxyaie metalloproteinase inhibitod/alchecket al. 2003). Le Gaét

al demonstrated that ADAM 10 compensates for ADAM 17 activity afterpenigpds of

inhibition and sheds-kelectin. For instance, ADAM 10 only proteolyzeeliectin in

transfected WT MEFwhen ADAM 17 was inhibited with SP26 for 2 days, but not at earlier

time pointsof 30 minto 2 H. LINS 3 dzf | G Ay 3 Ay G NI Qativdtatzt I NJ / | u a
ionomycin inADAM 17 deficient mouse B cells caused slight proteolysiseiektin,

however complerentation of ADAM 17 induced complete loss efdlectin expression.
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Also, h ADAM 10 and ADAM 17 doubly deficient B cetispplementation of ADAM 17
causes higher levels of released-selectin than ADAM 10. These results illustrated that
ADAM 10 can compensate for ADAM 17 activity, but does not act as a principal enzyme,

where proteolysis is markedly reduced (&all,et al. 2009).

GomezGaviroet al shoved that after neutrophil activation, ADAM 8 mobilized from
intracellular granules to the plasma membrane and is proteolyzed by metalloproteinases
releasing a soluble, catalytic active form (SADAM 8) to circulation. Levels of released sL
selectin increaseth lymphoblastic cells etvansfected with ADAM 8 in comparison to
catalytically inactive ADAM 8 or empty vector, which was inhibited by MMP inhibitéx-KD
73-4. Also, d-selectin was released from ADAM-d#éficient cells after incubation wit

catalytially active, SADAM @omezGaviroet al2007).

1.9.1 siselectin release during homeostatic proteolysis and

apoptosis is ADAM 17 independent

Liet alstudied constitutive and homeostatiedelectin proteolysis in mice that contained a
catalytically mactive ADAM 17 lacking aZhinding domain (ADAM ¥7) and found that

levels of siselectin were similar to WT mice. Howevesdlectin expression on ADAM 17
deficient neutrophils was not reduced after PMA treatment or transmigration into the
inflamedperitoneal cavity. These results showed that ADAM 17 regulates the densiy of L
selectin on the surface of neutrophils and their migration to inflamed tissues, but not
required for skselectin release during homeostatic proteolydis €t al. 2006). Further

studies by Wangt alshowed that ADAM 17 proteolysis was required for release-of sL
selectin at early time points of Fas signalling during apoptosis. However, at later time points

of apoptosis, siselectin release was independent of ADAM 17 activity aot inhibited by
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the wide spectrum metalloproteinase inhibitor TAPI, broad spectrum serine, aspartic and
cysteine protease inhibitors or ADAM 8 knockout mlid&afg,et al. 2010). Apoptosis occurs
to neutrophils shortly after entry to inflamed tissuesresolve acute inflammation éghan
and Savill; 2005; Kennedy and Del2@09) and these studies have therefore shown a
correlation with skselectin release by an unknown protease(s) which prevents further

infiltration of neutrophils ang,et al. 2010).

1.9.2 ADAM 17 independent proteolysis okklectin by MDSCs

suppress immune surveillance during tumour escape

Myeloid-derived suppressor cells (MDSCs) accumulate during tumour progression causing
poor clinical outcomed {u,et al. 2010) while attenuang antitumour adaptive immunity
(Gabrilovichet al. 2012) and causes resistance to chemotherapy, immunotherapy and
radiation in murine tumar models Acharyyagt al. 2012 Alizadehgt al. 2014). Expansion

of MDSCs in tumour bearing mice was correlated with reduced cell sudsaledtin
expression on T and B cells and-®[@ increase ofl-selectin in circulation (Ket al. 2016).
Furthermore, MDSCs cause downregulatestlectin expresion on CD4+ and CD8+ naive T
cells by proteolysis in the spleen which increases leucocyte rolling along HEVs and
destabilizes cell arrest leading to reduced transmigration across HEVs and antigen driven
expansion of effector T cells which suppresses imensurveillance during early phases of
tumour escape. MDSCs also causeglectin proteolysis in ADAM déficient

lymphocytes. Additionally, ADAM 17 on the surface of MDSCs do not proteedgtectin

on the lymphocytes itransas Lselectin downregul@gon was observed in the presence of
specific ADAM 17 inhibitor FF480090 or lymphocytesxpressing L(E}delectin (Kuet al.

2016; Ohet al. 2013; Parkeret al. 2014). stselectin is elevated in patients with bladder
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and thyroid cancer (Choudharst al. 2015; Kobawalget al. 2016),which Kuet al suggest is
caused by these protease(s) expressed on MDSCs whielteiitelectin proteolysis (Ket

al. 2016).
1.10 Microbes induce proteolysis of-Eelectin modulating

T cell chemotaxis

Some pathogns have been shown to directly interact wittsélectin and induce-&electin
proteolysis in the absence of TCR activation. This will reduce T cell entry into lymph nodes
thereby avoiding immune surveillance and leading to rapid spread of infett®electin
directly interacts with pathogens such @syptococcus Neoforma(Ellerbroeket al. 2004)
andTrypanosoma CrugAlcaideet al. 2010 deDiego,et al. 1997).Trypanosoma Cruzi
contains a mucitike cell surface protein named AgC10. Duringnéection, AgC10 is

released from the membrane dirypansoma Cruaind interacts directly with-selectin on

the surface of humamonocytesand T cellslisrupting interactions with PNAd on the

surface of HEVs affecting tethering. Furthermore, the MMP itgnilRo 319790 restored

the ability of monocytes to adhere to HEVs confirming that AgC10 induces proteolysis of L
selectin(Alcaide et al. 2010, deDiego,et al. 1997). AgC10 is a highly sialylated O
glycoprotein similar to GlyCAlM and has therefore beesuggested to interact with the
carbohydrate structures of-telectin(Alcaide et al. 2010).Other microorganisms are able

to regulate kselectin expression at the transcriptional level. For example, mycolactone, a
macrolide secreted bilycobacterium uleransreduces levels of letfb, a regulatory

component for kselectin transcription in T and B cells. Mice injected with mycolactone
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showed reduced homing of B cells to peripheral lymph nd@seninMace,et al. 2011;

Tang.et al. 1998).

Various studietave shown that HRI modulates cell surfacedelectin expression on
infected T cells downregulating the immune response. For instancel gi¢ents have
increased iselectin ECD in their plasnm@plertini,et al. 1992;Kourtis,et al. 2000) competing
with membrane bounddselectin on leucocytes for endothelial ligands on HEMget al.

2002). HIVL viral proteins Nef and Vpu associate with and sequester newly synthesised L
selectin in the trangGolgi network and ER reducing cell surfaselectin expession
(Vassenaet al. 2015). Nef and another HiY/ viral protein Tat, activate the PI3K/Akt
pathway. Activated protein kinase B (Akt) phosphorylates and inactivatkldad box

protein O1(FOXO1), which decreases expression ofXKIldwering transcription of-L

selectin. HIV infected T cells have reduced cell surfamddctin expression and do not

migrate to peripheral lymph nodes, explaining their impaired functitiin{té, et al. 2014).
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1.11 The -secretase complex

-secretase is a mulBubunit protease responsible for intramembrane proteolysis of 60

identified type Itransmembrane proteins (Fig 1.1@eel and Saunders, 2008).

PEN2 APH1 Nicastrin

X

PS1/PS2
(catalytic
component)

Figurel.19 Structure of the' -secretase complexThe’ -secretase complex is a multi
subunit protease consisting &S1/2 (PS 1/2), nicastrireSenhancer2 (Pen2) and anterior
pharynx defectivel (Aph1) (Andersson and Lendahl, 2014).

PresenilinPS) is an integral membrane protein spanning the membrane nine times, with
the N-terminus facing the cytoplasmic side ande@minus orientated towards the lumen or
outside of the cel(Laudon.et al. 2005). Nicastrin is a heavily glycosylated type |

transmembrane protein with a large extracellular domé&ahifotani,et al. 2003). Anterior
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pharynx defectivel (Aph1) contains seveiiMDs the Nterminus faces the lumen side and
Gterminus is situated in the cytoplasrRdrtna,et al. 2004).PSenhancer2 (Ren-2) spans

the membrane twice; both the Nand Gtermini face the luminal sidedrystalet al. 2003).

SyndecarB, Ecadherin APPand Notch are type | transmembrane proteins tharte
substrates of -secretase (Schulet al. 2003; Marambaugdet al. 2002;De Strooperet al.
1998; De Stroopeket al. 1999. Intramembrane proteolysis by+secretase releases tHED

and these regulate specific signalling pathways that modulate cell behaviour.
1.12 Nicastrin andAph-1 form the substraterecognition

site of’ -secretase

The N terminus of full length type | transmembrane proteins bindg, ldisg His, iofdfMDs

5 and 6, respectively of Agh(Chen.et al. 2010). After ectodomain proteolysis, the exposed
N-terminus of the MP product interacts with a DIYGs and peptidase homologous region
(DAPS) in nicastrin. A carboxylate side chain of glutamate aci#¥Gtuthe DAPs region
interacts with the N terminusf the MP product via a salt bridge interactiddh@gh et al.
2005;Dries,et al. 2009). The DAPs domain also contains a tetratricopeptide repeat (TPR)
region with a conserved leucine (1&)at the Gterminus whichrecognizes substrates (Fig

1.20 (Zhanget al. 2012).
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Figurel.20: Nicastrin and ApHL compose the substrate binding site forsecretase After
ectodomain proteolysis, the type | transmembrane protein binds to nicastrin (Nct) using its
exposed extreme Nerminus. This allows substrate regrution by’ -secretase before PS
induced intramembrane proteolysis (Beel and Saunders, 2008).

1.13 Intramembrane proteolysis byS

Ve ~ z Ve

1.13.1 IdentificationofPa OF Gl ft & iGdA O I OGAQGAGER

-secretase was firstly named as the protease that cleaves APP @atistnembrane
NBIA2Y fSIFRAY3I (2 GKS LI(BREAS ¥t 8clkée 1998, ! £ | KSA
Selkoe, 1994). Howevdgmily members who imerited ADall contained mutations in both
isoforms ofPS1 (PS1) an®S2 (PS2) at chromosomes 14g24.3 andA.2 respectively
(Sherringtongt al. 1995; LewyLahad et al. 1995;Rogaevet al. 1995). PSvas therefore
implicated in the pathogenesis of AD and was suggested to act as a receptor, channel or

transporter protein (DeéStrooper,et al. 2012). Further stdies using PSdeficient mice
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showed ectodomain cleavage of APP in neuronal cells, however intramembrane proteolysis
was attenuated causing carboxgrminal fragmentgCTFsjo accumulate (D&trooper,et

al. 1998).Additionally, ge directed mutagenesiof o conserved aspartates (Aspinb

TMD6 and Agp andMD7) oPSto alanines abolished intramembrane protedlysf APP

(Wolfe, et al. 1999b) yet this mutant was assembled itk ! -secretase complex (Nyaleit

al. 2003). -secretase inhibitors-685 and DAPT birdirectly to PSvhich inhibits

intramembrane proteolysis of substrateSHearmanet al. 2000;Morohashi,et al. 2006)

(Fig 1.2). Absence of other-secretase subunits such as nicastrin, 2eand Aphl

abolished ativation of PSEdbauergt al. 2003;Kimberly et al. 2003; Takasugiet al. 2003).
These findings showed that PS is the catalytic subunisecretase but its catalytic activity

depends on correct assembdy the! secretase complex
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Figurel.21 L-685 and DAPT inhibit PS proteolysis using different mechanigfjsl-685 is

a transitional state analog inhibitor and possesses a similar structure to PS substéfés. L
binds directly to the active site of PS and blocks entry of substrates. (Bhésstructure of

PS. (B) (1) The substrate (indicated as a helix) initially enters the substrate binding site. (2)
Upon translocation to the catalytic site, the substrate starts to unwind. (3) The unwound
substrate then exposes the scissile bond to catalgspartates in the catalytic site of PS. (4)
PS then induces intramembrane proteolysis of the substrate releasing the cleaved
fragments. (C) DAPT binds to the C terminal region of TMD7 in PS which blocks substrate
entry. (D) Consequently, the substrat@nnot enter the catalytic site and is not unwound
preventing proteolysisMorohashi,et al. 2006).
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1.13.2 Lateral diffusion of substrates to the catalytic core of PS

PS is the catalytic component‘ekecretase and contas 9 TMDsThe catalytic coref PS is
formed by TMD 6 and 7 which are connected by a hydrophobic domain VII (HDVII). HDVII
blocks the catalyti pore in the inactive PS 1/8mogen thereby blocking substrate entry
(Fukumori.et al. 2010). After cell activation, PS aypooteolyzes betwen residues Thr 1o L
andAlad KRodlisnyet al. 1997), this biochemical event called endoproteolysis results in a
28 kDa Nerminal fragment consisting of TMD6 and a 17 kEtar@inal ragment including

TMD7 (Fig 1.22Thinakaranet al. 1996).

(A) Inactivated state (B) Activated state
Gamma-secretase (i )
complex

N\

~Presenilin

Endoproteolysis

Figurel.22 Endoproteolysis of P®S contains 9 TMDs, between TMD 6 and 7 lies the
catalytic core allowing intramembrane proteolysis of type | transmembrane proteins. (A)
The zymogen of PS. In this resting state, hydrophobic domain VII (HDVII) is mthide a
blocks the catalytic pore preventing substrate entry. (B) Endoproteolysis of PS occurs
leading to cleaved HDVII. Cleaved HDVII is removed from the catalytic core allowing
substrae entry.
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The substrate binding site dfsecretase consisting of nidas and Aph1 associates with

the Gterminus of Per2 (Prokop,et al. 2004;Mao, et al. 2012); this interaction is dependent

on PSl(aVoiegt al. 2003). It is proposed that substrate recognition by nicastrin andRph
induces Pef? binding to transmembrnae 4 of PS to promote cleavage of HDVII Him

and Sisodia, 2005). Cleavage of HDVII frees the catalytic pore of PS allowing the substrate to

enter in a process tlad lateral diffusion (Fig 1.28ukumori.et al. 2010).

substrate

plugging closed open

Figurel.23 Substrates entethe catalytic site of PS by lateral diffusiofA) Inactivated PS

is in closeaconformation with the HDVII localized between TMD6 and 7. (B) In the closed
conformation, HDVII blocks entry of the type | transmembrane protein substrate. (C)
Endoproteolysigauses removal of HDVII from the catalytic site. The substrate laterally
migrates across the membrane to enter the catalytic site between TMD6 and TMD7 leading
to intramembrane proteolysisHukumoriet al. 2010).
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1.13.3 TMD 9 of PS acts as a laa¢igate to the active site

TMD 9 of PS acts as a lateral gate to the active site. diddidnypothesise that the -
secretase substrate uses a specific region of its hydrophid¥idto interact with an

unknown sequence of the intramembrane of TMD9. Aftebstrate recognition, a proline
alanineleucine (PAL) motif causes TMD?9 to shift to one side allowing lateral migration of

the substate to the active site (Fig 1.24Sato, 2008Tolia,et al. 2008).

Intracellular N Y o )
S 7& ) S ‘f )

N aVi —\aVvi
Vi A"/ / vi ”@X' |
PP chr

Vil substrate activation/
X Y IX \‘ Vil
binding proteolysis
N
Extracellular Cig= G C—

Figurel.24 TMD9 of PS shifts after interaction thi substrate TMD9 acts as a lateral gate
for the catalytic core of PS blocking entry of substrates (grey helix) preventing lateral
diffusion. Substrates use theliMDs to bind TMD9. After substrate recognition, TMD9 shifts
to one side allowing access tod active site, which is regulated by a prolaeanineleucine
(PAL) motif Tolia,et al. 2008).
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1.14 The biochemical pathways induced by PS mediated

intramembrane proteolysis

The type | transmembrane protein Notch binds to cognate ligands Delta and Jauded
stimulatesectodomain proteolysis and successR@&nduced intramembrane proteolysis
causing release of the cytoplasmic tail (NICD) to the nueedslteredgene transdption.
Notch modulates biochemical pathways that regulate cell division. Overexpression of this
protein causes increased cell division allowing progression of cancer. Truncated Notch can
signal without interac’ 3 ¢ A (1 K Dellada@ Jdgged. [TlfaBude lymphoblastic
leukaemia (FALL) is triggered due to this truncated form of Notch. Here, increased NICD
traffics to the nucleus causing increased cell divigilhsenet al. 1991;Grabher et al.

2006). Likewise, neamall cell lung cancer andiarian cancer are characterizeg
increasedcell surface expression of Notdbgng.et al. 2000;Park,et al. 2006). Increased
Notch signalling has also bedamonstratedin breast cancerStylianoy et al. 2006).Future
studies for anticancer treatnme could be aimed at blocking P&ediated cleavage of Notch
preventing nuclear signalling of NICathmamet al. 2009). However, limitations of this
approach are shown in some cancers where only the NM€Bnscribed leading to PS
independent nucleasignalling (Peaaind Aster, 2004). Notably, ®8pendent proteolysis of
Notchwill havediverse effecs on cancer depending on the tissue studied. Demehal
showed that NICD dependent nuclear signalling suppresses tumour develodbeaneliri,

et al. 2009).Also, nuclear localized NICD causes transcription of the hairy and enhancer of
split (HES) resulting in the progression and developméntelanoma Rinnix,et al. 2007).
Huynhet alfurther showed that mice injected with thesecretase inhibitor R@29097

had less melanoma cell derived tumour developméiiynh,et al. 2011). NICD generation
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by PS has also been linked with the generation of ischemic stroke. Aruneigdfound

that ischemiareperfusion increases PS catalytic activity causing ineckaspression of

NICD in neuroblastoma cells. NICD overexpression caused increased levels of the apoptotic
protease caspas8 in neuroblastoma cells. NICD also elevated leucocyte and platelet
membrane expression of CD11b and ICARRusing increased cellilaesion to cerebral
vasculature. Hence, NICD promotes the progression of ischepe&fusion by causing

ischemic induced death of neurons and allow homing of lymphocytes to ischemic injury

after stroke Arumugamet al. 2006).

ErbB4interacts with growthfactors such as neuregulins. There are two isoforms of ErbB4

named JMa CYR and JMb CYT2 (Ni, et al. 2001). Isoform JMy CYR is a substrate for PS

and intramembrane proteolysis causes release of an ICD that migrates to the nucleus. In

contrast, isobrm JMb CYT2 cannot generate an ICD. AMMCY®R2 derived ICD associates

with adaptor complex (AR) in the cytoplasm and this complex enters the nucleus,

activating promoter activity of plateleterived growth factor receptealpha (PDGFRA). JM

a CY®2 stably transfected mouse NR6 fibroblasts showed stimulation of cell growth,

conversely, JMb CYT2 triggered apoptosis. PS mediated intramembrane proteolysis of

ErbB4 isoform JMCYF GKSNBF2NB (GNAIISNB OStt LINREATFSN

role in cancer progression shown from other studi8siidvallet al. 2010).
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1.15 Aims and hypothesis

For this study, it is hypothesised that after ADAM 17 proteolysisseldctin stimulated by

TCR engagement, the generated MP product is further cleaved at the transmembrane
region by PS, the catalytic component egecretase. This would release the cled L

selectin ICD into the intracellular compartment to induce biochemical events that can either

benefit or harm the host (Fig 1.25

I

Cognate ‘ ADAM17 seIectm Metalloprotelnase Gamma secretase
peptide '
| product of L-selectin

T A /| '| ;-;‘tnglj!,lflllm\lllt’ll'ill'l‘lwm{

| Ectodomain Presenilin T cell
proteoly5|s

Cleaved cytoplasmic
Intramembrane tail of L-selectin
proteolysis >

Figurel.25 The hypothetical model for TGRRduced Lselectin proteolysisTCR
stimulation activates ADAM 17 and c@s ectodomain proteolysis ofselectin. The
generated MP product is further shed by PS, the catalytic componenrsefretase causing
release of the cleaveddelectin ICD into the intracellular compartment.

T cell receptor
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Work in this thesis is based on four mapotheses:

(1) Thefirst hypothesis is that TCR induced sheddihtselectinis ADAM17 dependent.

To test this hypothesis, the main aims were to:

1 Express V5 His C terminal taggegklectin in pSxW plasmid and produce a
pLentivirus.

9 Stably transducéuman T cells with V5 His taggeddlectin and stimulate the TCR
using cognate peptide and monitor ectodomain proteolysis using both flow

cytometry and western blot analysasd determine the role of ADAM17

(2) The metalloproteinase product ofdelectin s further cleaved by$S the catalytic

component of -secretase.

To test this hypothesis, the main aims were to:

1 Transiently transfedvEFcells deficient or noseficient inPSwith L-selectin V5 His
in a pcDNADS plasmid.
1 Using western blot analysis, guiitate the level of detection of the MProduct

after 1 h incubation with the-secretase inhibitor4685 or vehicle control DMSO.

(3) TCR stimulation causes endoproteolysi®8tausing intramembrane proteolysis of

the MP product of Lselectin

To testthis hypothesis, the main aims were to:
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1 Stmulate the TCR dfselectintransduced human T cells after pirecubation with E
685 to monitor intramembrane proteolysis of tiMP product in the first instance to
determine if -secretase cleavesdelectin inT cells.

1 In atimecourse experiment of 0 min, 5 min, 15 min, 30 nmad &0 min, stimulate
the TCH cells and monitor dection of full length or the @erminal cleaved

fragment ofPSto determine if TCR stimulation causes endoproteolysis.

(4) Mutational anadysis of theTMDof L-selectin to generate-secretase resistant mutast
To test this hypothesis, the main aims were to:
1 Use molecular modelling to predict mutations for testing
1 Inducesingle point mutatios of Lselectin in a pSxW plasmid and stably tdnce
human T cells
1 Monitor TCR induced proteolysis miutant in comgrison to wild type iselectin to

determine whether these mutants resist PS proteolysis.
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2 Materials and Methods

The formulations of solutions and buffers are shown in Appendix I, used chemicals are listed
in Appendix Il, laboratory equipment alongsicensumables in Appendix I, primers in

Appendix IV and the plasmid maps in Appendix V.
2.1 Molecular biology

2.1.1 Polymerase chain reaction (PCR)

All L:selectin constructsised in this thesis had a C terminal V5 His tag. Site directed
mutagenesis was perfoBiR (1 2 Y dzi I (i S) ik theAranSnde@brafiSregion df IS w b 1,
selectin to tryptophan (1351W) or lygr(I351K)Primers Appendix IVjvere designed using

CLC DNA Workbench Software and purchased from Eurofins (Manchester, UK). Mutagenic
primers 1 and 2 generated 1351¥électin and primers 3 and 4 produced 1351\klectin.

Wild type, 1351W and 1351Ksklectin in pcDNAS5 were amplified using primers 5 @it

allow insertioninto the pSxW plasmid (table Al) to allow production of lentiviral particles
described later. PCR cycling conditions are shown in table 2.2 using a Peltier DNA Engine

Dyad Thermal Cycler.
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Reagent Volume Final

concentration

RIi h Up to 50 pL /
Pfu ultra Il Fus Buffer (X L(Agilent, Cheshire) | 5 pL X1
dNTPsX00 mM for each nucleotide) (New 1uL 100 uM

England Biolabs, Hitchin

Forward primer (10 pmol/uL) 1L 0.20 uM
Reverse primer (10 pmol/uL) 1L 0.20 uM
Template DNA XuL (corresponding to 5 ng)| 0.1 ng/pL
PfuUltra Il Fusion HS DNA Polymer@sgilent) | 1 pL 0.04 U/uL
(2U/uL)

Table2.1: Reagents used for a standard PCR or-glitected mutagenesis reaction.
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Cycle step | Number ofcycles Cycle name Temperature Time

1 1 Initial 95 °C 30 sec

denaturation

29 Denaturation 95 °C 10 sec
2 Annealing 72 °C 20 sec
Extension 72 °C 25-30 sec
3 1 Final extension 72 °C 6 min
4 - Pause 4°C hold

Table2.2: Cycling conditions for atandard PCR.

2.1.2 Restriction digest

The pcDNAS or pSxW plasmids were digested using NEB reagents in table 2.3. The reaction

mixture was incubated at 37 °C for 1 h.

Reagent pcDNAS plasmid pSxW plasmid
DNA 2ug 2 ug

BamHI (20 U/pL) 1L 1L

Xhol (20 U/pL) 1L -

Buffer 3 (X 10) 5uL 5uL

BSA (X 100) 1L 1L

Rl i h Up to 50 pL Up to 50 pL

Table2.3: Reagents used to digest pcDNA5 and pSxW plasmids

93



2.1.3 Agarose gel electrophoresis

DNA mixed with 6 X Orange G loading buffer was loaded onto a 1 % (w/v) agarose gel
containing 0.5 pug/mL ethidium bromide (Sigiklrich) in 1x TBE buffer. 1 kb plus DNA
marker (Thermo Fisher) was used to estimate the size of each DNA fragment. DNA
fragment were separated at 120 V for 60 min and visualized using an UV transilluminator

(UVP, Upland, USA).

2.1.4 Purification of DNA from agarose gels

PureLink Quick PCR purification kit (Invitrogen) was used to purify PCR products. Linearized
plasmids werasolated from agarose gels using the QIAquick gel purification kit (Qiagen,

al YOKSAGSNE ' YU dzaAAy3a YIydzFlF OGdzZNBENRa LINRG202

2.1.5 Infusion reactions

The purified PCRdelectin mutant products were inserted into linearized plasmids using an
In-fusion doning kit (Clontech, Sakermainen-Laye Francé (Fig 2.1). Reagents used for
In-fusion are shown in table 2.4. The reaction was incubated at 50 °C for 15 min and then

placed on ice.
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Gene of interest

[ ]
—CTr—

\ Primer with 15 bp

homology with linearized
@ plasmid

] Gene of interest with 15 bp
either side that is homologous

@ @ to the linearized plasmid

In-fusion enzyme
recombines the insert and

linearized plasmid using
the 15 bp homologous regions @

Plasmid expresses
gene of interest

Figure 21: The Infusion cloning technique(1) Gene of interestgreen) is amplified by PCR
using primers with a 15 bp overhang (red and yellow) with the linearized plasmid. (2) The
amplified DNA insert contains 15 bp overhangs either side to the linearized plasmid. (3) The
In-fusion enzyme disrupts hydrogen bondsl&tbp either side of the digested restriction

site of the linearized plasmid. Thefumsion enzyme causes hydrogen bonds to form

between single stranded 15 bp overhang of the insert and linearized plasmid. (4) The insert
has now recombined into the plasmid
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Reagent Volume

5 X IaFusion HD enzyme premix (Clontech 2.0 pL

Linearized plasmid 3.0 uL
Insert (PCR product) 1.0 uL
Rl ih 4.0 pL

Table3: Reagents used for Husion.

2.1.6 Transformation

PlasmidDNA(n y 30 61+ & | RRSR (2 Egherickid coghgrm& | ph 02 Y
Scientific) and left on ice for 30 min. Heat shock transformation was performed at 42 °C for
30 sec. Cells were then placed on ice for 2 min. Bacteria were plated on raplatga

containing 50 pg/mL carbenicillin (Sigiakdrich) and incubated at 37 °C overnight.
2.1.7 Identification of positive clones

Antibiotic resistant colonies were picked using a sterile pipette tip and transferred to 5 mL

LB broth containing 5Qg/mL carbenicillin. Bacteria were incubated in an orbital shaker at

37 °C and 220 rpm overnight. Bacterial culture (4 mL) was centrifuged at 10,000 rpm for 1

min and plasmid DNA was isolated from pellets using the PureLink Quick plasmid miniprep

kit (TheNdy2 CAAKSND | OO2NRAY3I (G2 YIydzZFl OGdzZNBND&a A
(2.1.2) was used to release thesélectin fragment and agarose gel electrophoresis (2.1.3)

was performed to screen for a DNA insert of the right size from positive clones.
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2.1.8 DNA sequencing

Positive clones were sent to Eurofins using the Smart Seq service to confirm DNA sequences
of L-selectin inserts and that mutations have been introduced. Sequencing primers were

purchased from Eurofins and shown in table A2 in Appehd

2.1.9 Plasmid DNA maxiprep

A positive clone was cultured in 400 mL LB Broth containing 50 pg/mL carbenicillin at 37 °C

and 220 rpm overnight. Bacterial culture was centrifuged at 6,000 rpm for 10 min using the
SLA3000 rotor (Thermo Fisher).d83mid DNA was purified from bacterial pellets using

t dZNB[ Ayl vdA O] LEXFTAYAR YIEALNBL (Al o6¢KSNY2
instructions. DNA purity (A260/280 ratio >1.8) and concentration were determined using

theNDMnnn bl y25NRL] ner @ha$nO Scheditidk 2 4 2 Y S

2.2 Cell culture

5dzf 6 S0O02 Y2RATASR 91 3fSQa YAYAYIf SaasSyidaalf
Institute medium 1640 (RPMI 1640), ORIEM medium, Penicillin/Streptomycin, sodium

pyruvate and trypsin/EDTA were purchased fr@ibco, Thermo Scientific. Fetal calf serum

(FCS) was obtained from Sig#lrich. Cells were grown at 37 °C in a humidified

FGY2aLIKSNE O2yiGFAyAy3a p 2 [/ hi AY Ly AyOdzml (2
2.2.1 Celllines

Wild type WT) andpresenilin deficien{PSAKPMEF cells were provided by FPeesor Bart
de Strooper. S gene in GBL/6mice was inactivated using homologous recombination

where exon 5 was replaced by a hygromycin cassette. Resulting R&e-Avere bred to
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produce thehomologous wild type (PS 4/and embryonic lethal (RE) strains.The

resulting PSAdKO MEF cells were stably transduced with a retroviral vector containing cDNA
for either PS1 or PS2 to generate PSAKO + PS1 or PSAKO + PS2 MEF cell lines @tlerreman
al. 1999; De Stroopeet al. 1998; De Stroopetet al. 1999; Schulzt al. 2003).ADAM 17

deficient MEF cells were obtained from Professor Carl Blobel where C57BL/6 mice
containing a floxed ADAM 17 allele was crossed with a germlinddleeer stain to

generate ADAM 17+kmice whichbred to produce ADAM HF- mice (Horiuchiet al. 2007).

The Lselectin deficient, acute lymphoblastic leukemic Molt3 T cell line and &HR B

lymphoblastoid line were both obtained from Dr John Bridgeman.

2.2.2 Cultivating adherent cells

MEF cells were cultured in D10 medium (table 2.5) and passaged edadgy® upon
O2yFfdzSyOeaod /Stfta 6SNBE 6l AaKSR 2y0S gAGK t.{
incubated with 5 mL trypsin/EDTA per 75 cm? tissue culture flask for 1 min at 37 °C.
Trypsination of cells was stopped with of 5 mL D10 medium. The cell suspension was
centrifuged using a Heraeus Megafuge 4R (Thermo Scientific) for 5 min at 1,200 rpm. Cells

were diluted in a ratio of 1:5 in fresh D10 medium and cultured.

2.2.3 Cultivating suspension cells

Molt3 T cellsand C1R cells weltured in R10 medium (table 2.5) and passaged every 3
RFea YFIAyGlFrAyAy3 || RSyarde 2F modp E mnb OS¢

counting chamber.
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Medium Composition Use

R10(Complete RPMI) | RPMI 1640 (4.5 g/L glucose), 10 % FC| Cultivating Molt3 T
2mM L=Glutamine, 100 IU penicillin, cells

100 pg/mL streptomycin and 1 mM
sodium pyruvate

R1 RPMI 1640, 1 % FCS and 10 mM HEP| L-selectin shedding
experiments

D10 (Complet®MEM) | DMEM (4.5 g/L glucose and 4 mM L | Cultivating MEF cells
glutamine), 10 % FC, 100 IU penicillin,| and HEK293 T cells
100 pg/mL streptomycin and 1 mM
sodium pyruvate

D1 DMEM, 1 % FCS and 10 mM HEPES | L-selectin shedding
experiments

Freezing medium R10or D10 medium with 10 % DMSO | Freezing cells

Table4: Composition of cell culture media.

2.2.4 Thawing and freezing cell lines

Cells stored in liquid nitrogen were thawed in a water bath at 37 °C and washed with serum
free medum. Cells were cultured with D10 or R10 medium (table 2.5) and incubated at

37 °C.

For long term storage, adherent cells were grown to confluency of 80 %-irv& flask and
GNBLIEAAYATI SR® {dzaLISyarzy OStf a iaSreBlasd@&@ssy | 0
were centrifuged at 1,200 rpm and resuspended in 10 mL freezing medium (table 2.5). The

cell suspension was distributed into seven cryo vials, placed in a freezing contaid@rat

for 24 h. Frozen cells were then transferred thgaid nitrogen Dewar.
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2.2.5 Transient transfection of MEF cells

Ly LINBLINFGAZ2Y F2N NI yatFSOGA2yS wodp E mMab a
cultured in 1 mL D10 medium at 37 °C for 24 h. Transfection of MEF cells was performed

using the transfection agent FUGENE 6 (Promega, Southampton). A total of 8 uL FUGENE 6

and 2 ug plasmid DNA (1:4 ratio DNA:FUGENE 6) were diluted in 100 pL optiMEM medium,
incubated for 35 min at room temperature and added to cells. Cells were incubated®at 37

for 24 h.
2.2.6 Generation of stably transfected Molt3 T cells
2.2.60M I 1 fi GNIyatTsSOaAarzy 2F 1 9YHDO

[ SYGABANHzZA 61 & LINPRAZOSR FFGESNI/ /" GNI yaftsSc
generation transfer vector pSxW which contaigdlectin inserts in combination with
LJa5Hd YR LY az*ny ®dwmsufiicent leitd@rid (perBaisteyah DAENI a S

YanezMunoz et al. 2006).

I G201t 2F wn E wmnb | QM fadoin 20 mICOA6 rhediums AtakB LI | G
24 h, a pLentivirus transfection mix was made containing 3 mL pH 7.1 medium (Serum free
5a9as Hp Ya 19t9{ |44 LI TdmMOZ on x3 id{ E2 T on
was incubated at room temperature for 35 min. D10 medium was removed from cultured

HEK293 T cells and replaced with 12 mL pH 7.9 medium (D10, 25 mM HEPES at pH 7.9) and

the pLentivirus transfection mixture which was then incubated at 37 °C. Afteraédipym

replaced with 20 mL fresh D10 medium. After 48 h and 72 h, collected medium containing
lentiviral particles was passed through a 0.45 uM filter and stored at 4 °C. The viral

supernatant was transferred to a 38.5 mL thin wall, ultkear centrifugéon tube (Beckman
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Coulter, High Wycombe), placed into a Beckman Coulter SW28.1 rotor and centrifuged in a
Beckman Coulter Optimal00 XP ultracentrifuge at 26,000 rpm for 2 h at 4 °C. The viral

pellet was resuspended in 0.5 mL R10 medium, gnagen ondry ice and stored a80 °C.
2.2.62 Lentiviral transduction of Molt3 T cells

Il G201t 2F nop E wmnb az2fio ¢ OStfta 6SNB LX I
containing kselectin Lentivirus and 4 pg/mL polybrene (Sighfdrich) which washen

incubated at 37 °C. After 24 h, cells were transferred to a 48 well plate with 1 mL fresh R10
medium and incubated at 37 °C. Cells were analysed for transgene expression 48 h post

transduction using flow cytometry (section 2.5).

2.3 Protein analysiby western blotting

2.3.1 Production of cell lysates

2.3.1.1 Cell lysigouffer

CelllysibufferO2 y i F AYAy 3 uwp Ya 19t9{ O6LI TdpLuXI mpn
2 % glycerofv/v), 1 % Triton 200 (v/v)) was prepared. For production of chiéates, one

Roche complete proteinase ULTRA Tablet (Basel, Switzerland) alongside 1.8 mg/mL 1,10
Phenanthroline (SigmAldrich) and 1 mM sodium orthovanadate (SigAldrich) were

added to 10 micell lysidhuffer.

Medium was removed from adherent MEFfcel 2 NJ LISt t SGSR ™M E wmMnab a2
lysed in 35 pL afell lysisouffer and incubated on ice for 35 min. Cell lysates were
centrifuged at 13,000 rpm for 5 min to remove cell debris. Supernatant was collected and

stored at-80 °C prior to analys.

101



2.3.1.2 Laemmli buffer

I 24Kt 2F m E wmnbe LIStESGSR az2flio ¢ OStfta ¢S
containing 660 mM TrBICI (pH 6.8), 26 % glycerol (v/v), 4 % SDS (w/v), 0.01 %
ONBY2LIKSyYy 2t 0 tnizBcaptotha@ad (2/v).Cdifsates were sonicated on ice

for 15 sec using a Sonic Dismembrator mell# (Thermo Scientific) and centrifuged at

13,000 rpm. Collected supernatants were immediately used forFSREE and western blot

analysis.

2.3.2 Protein concentration assay ([a€say)

The colorimetric D@ssay (BidRad) was used to determine protein concentrations from

MEF cells lysates. A protein standard curve was generated after analysing BSA

concentrations from 0.2 to 1.5 mg/mL. In a 96 well plate, 5 pL of each BSA stamdar

Al YLX S 6Fa LALISGISR ft2y3aARS Hp x[ 2F wSlk 3S
200 uL of Reagent B. The plate was gently rocked for 20 min at room temperature and
subsequently, absorbance was measured at 570 nm using a microplate read@s(at

OPTIMA microplate reader, BMG Labte&ilesbury UK). A D@ssay was not needed for

Molt3 T cells as a cell count was performed prior to lysis to ensure equal protein

concentration

2.3.3 SDS polyacrylamide gel electrophoresis (BBGE)

MEF cdllysates (50 pg) were diluted 1:2 in 2X SDS reducing sample buffer. A larger number
2F M E mnwo az2zfio ¢ OStfa -gefodlib CdnseguénBy, 1I8¢kS G2 f
of the lysate was diluted 1:2 in 4X SDS reducing sample buffer to allowrdffignning

during gel electrophoresis. Mixtures were incubated at 95 °C for 2 min to denature proteins.
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Samples were resolved alongside 7 uL SeeBlue Pluss?gimed protein standard (Thermo
Fisher) using either NUPAGE Noved4% Bidlris gels and 1 MES SDS running buffer
(Thermo Fisher) or NUPAGE Novex 16 %glytine gels and 1 X Tgl/cine SDS running
buffer (Thermo Fisher) in a SureLock Mini Cell system (Thermo FishdmisRjels were run

at 200 V for 35 min, whereas Tg$/cine gels wex run at 196 V for 90 min.

2.3.4 Western blotting

ImmobilonPSQ 0.2 uM polyvinylidestifluorid (PVDF) membrane was activated 30 sec in
methanol, followed by equilibration in transfer buffer (1X NuPAGE transfer buffex

Novex Trigylycine transér buffer). Proteins were transferred onto a PVDF membrane at 30
Vforlhinan / St f L L u (Thefm® Hisher)2 TRel#VBF membrane was incubated
for 1 hiin 5 % milkw/v) dissolved in TB®. The membrane was then incubated with 5 %
milk (w/v) in TBST containing diluted primary antibody (table 2.6) on a rotator plate
overnight at 4 °C. Membranes were washed 5X for 5 min in 15X BB8 incubated for 1 h
with 5 % milkkw/v) in TBST containing diluted secondary antibody (table 2.6) on a rotator
platefor 1 h at room temperature. The PVDF membrane was washed 5X and further
incubated at room temperature for 1 h with 1 X TBSThe membrane was covered with
SuperSignal West Pico Chemiluminescence developing solution (1:1 of peroxide and
Luminol/enhanceThermo Scientific) and incubated for 1 min before exposure (30 sec to 5

min) in myECL imager (Thermo Scientific).

During chemiluminescence detection, lumim®bxidized by peroxide in the presence of the
HRPenzyme causing release of a photon. The myE@ger contains a high performance

cooled chargecoupled device (CCD) camera which includes adighsitive silicon chithat
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converts photons into digital signals. The silicon chip kept atzeub temperatures

lowering the dark current preventing bagidound noise.
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Antibody Working dilution Manufacturer
Mouse anttGAPDH 1:3000 SigmaAldrich
Mouse antiV5 1:2500 Thermo Fisher
Rabbit antiPS1 1:2500 SigmaAldrich
Rabbit antiPS2 1:2500 NEB
Rabbit antiNicastrin 1:2500 NEB
Rabbit aniADAM 17 1:2500 SigmaAldrich
Sheep antiCD62L 1:1000 R & D systems (Oxford, UK
Antibody Working dilution Manufacturer
Secondary HR&onjugated 1:2500 Bio-Rad
anti-rabbit 1IgG (H +L)
Secondary HR&onjugated 1:2500 Bio-Rad
anti-mouselgG (H +L)
Secondary HR&onjugated 1:2500 Bio-Rad
anti-sheep IgG (H +L)

Table5: Antibodies used for western blotting.
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2.3.5 Densitometry

Image J software was used to quantify each band intensity. Gel pictures were opened with
Image J and theectangular selection toalas used to mark bands (Fig 2.2, A). Using the
analyse toglbands were selected for quantification usiggls select firstane (Fig 2.2, B)

and thenplot lanes(Fig 2.2, C). Peaks were then shown representing the relative density of
each band. Thetraight-line toolwas used to draw lines both between and at the base of

the peaks (Fig 2.2, D). After selection of tiend tod, each peak was selected to obtain

values representing the intensities of protein bands with the GAPDH loading control (Fig 2.2,

E and F). For analysis, blots were quantified from three independent experiments (n=3).
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2.3.6 Medium concentration

Culture medium was removed from previously transiently transfected MEF cells which were
washed once in serusitee OpttMEM medium. Cells were incubated for 1 h in 1 mL serum
free OpttMEM medium under various conditions. Conditioned medium was collected and
centrifuged at 13,000 rpm for 5 min to remove cell debris. Centrifugal concentration tubes
(Amicon Ultra4, Millipore) with a 3 kDa cuff were used to concentrate the medium to

100 pLby centrifugation at 4,000 rpm for 90 min. Concentrated medium (20 pL) was diluted
1:2 with 2x SDS reducing sample buffer, heated at 95 °C for 2 min and analysed using

western blotting.

2.4 Pulldown

Pelleted 6 x 18Molt3 T cells were lysed in 14Q cell lysisbuffer for 35 min on ice. After
lysis, 80>g of lysate was stored 80 °C until further analysig.he remaining lysate was
diluted in 700>L of 1X binding/wash buffer and added to#80His tag isolation and
pulldown dynabeads (Thermo Fishendaincubated on a roller for 10 min at°€.

Dynabeads were magnetically collected using a Dynablaggnet (Thermo Fisher) and
washed 4X in binding/wash buffer (100 mM sodium phosphate (pH 8.0), 600 mM sodium
chloride, 0.0260Tween20 (v/v)). L=selectin vas released from dynabeads by incubation in
100>L Hiselution buffer at room temperature for 10 min. Dynabeads were magnetically

pelleted and the collected sample was stored& °C until further analysis.
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2.5 Flow cytometry

I G2GF t 2 %3 Trealpwete resuspender th£100 plL PBS containing 1:1000 diluted
AmCyan live/dead fixable stain (Thermo Fisher) and incubated at 4 °C for 30 min. After 5
min centrifugation at 1,200 rpm, cells were stained with diluted antibody in 25 uL FACs
buffer (PB&nd 1 % FGS/Vv)) (table 2.7) and incubated at 4 °C for 30 min. Pelleted cells
were washed three times in FACs buffer before being fixed in 100 pL of 4 %
paraformaldehyddv/v) (Thermo Scientific) at room temperature for 15 min. Fixed cells

were resuspended in 200 uL PBS and analysed on a BD FACs Canto Il.

Abc antimouse compensation beads (Thermo Fisher) were labelled with 0.5 L of the
fluorochrome conjugated antibodies usedrihg flow cytometry (table 2.7). ArC reactive

beads were labelled with 2 uL of AmCyan live/dead stain solution. Beads were incubated for
30 min at 4 °C, centrifuged at 1,200 rpm and washed in PBS before fgwdpension in

200 pL FACs buffer. A droprfgative beads was added before electronic compensation

was performed using the BD Diva software.
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Specificity Conjugate | Clone (isotype) | Company namend product Dilution
code (#)

CD62L/ L PE Dreg56 (IgG, k) | eBioscience#12-062942 1:50
selectin

(human)

Isotype control | PE p3.6.2.8.1 (IgG1, | eBioscience, #1271482 1:50

K)

CD19 (human) | APC HIB19 (IgG1, k) | BD Pharmigen, #555415 1:25
Isotype control | APC 11711 (IgG1, k) | R&D Systems, #ICO02A 1:25

Table6: Antibodiesused for flow cytometry.

2.6 ELISA

Human Lselectin/CD62L DuoSet ELISA (R & D systems) was used to measure the
concentration of soluble-kelectin using the reagents and protocols provided. A standard
curve for human iselectin standard was generateéter seven serial 2old dilutions in

Reagent Diluent allowing detection of protein concentrations to range from 78 to 5000
pg/mL. A total of 10G-L diluted standard or sample (1:2 ratio of sample: Reagent Diluent)
were pipetted in triplicates into a 9@ell plate previously coated with capture antibody.
Absorbance was measured at 570 nM using a microplate reader and protein concentrations

were derived from the shape of the humassélectin standard curve.
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2.7 T cell activation

2.7.1 T cell receptomactivation using AnttCD3/CD28 dynabeads

A total of 80>L Dynabeadbkluman TActivator CD3/CD28 hermo Fisher) were washed in
PBS, magnetically pelleted and incubated with 1.36iM@It3 T cells in 106L R1 medium.
After TCRactivation, 2.5 x 18Molt3 T cells were prepared for flow cytometry (section 2.5).
Remaining Molt3 T cells at 1.0 xob@lls/mL were centrifuged at 1,200 rpm for 5 min and

lysed incell lysisor Laemmli buffer as described in section 2.3.1.

2.7.2 T cell receptor activatiomsing SLY peptide pulsed C1R

antigen presenting cells

Proteolysis of iselectin in response to cognate peptide stimulation was studied using
SLYNTVATL (SLY) peptide (Eurofins, Manchester) to activate gag+ TCR expressing Molt3 T
cells. C1R cells were resespled in 1 mL R1 medium and incubated in the presence or
absence of SLY peptide for 1 h at°@7 After, Molt3 T cells at 6 xdfells/mL were added to

the C1R cells (in a 1:3 ratio of C1R cells : Molt3 T cells) and incubated for 1¥CaF87
foweyl 2 YSGNRB S az2fio ¢ OStta ¢6SNB dzaSR 0 mo
OStfakY[® C2NJ LJz t R2¢y laaleazr az2fido ¢ OS

Hon E mnwe OStfakyY[ o

111



2.8 MEF cell activation using PMA

Transiently transfected MEF cells were prepared as described in section 2.24. After 24 h
transfection, conditioned medium was replaced with fresh D1 medium containing 100
ng/mL PMA or the vehicle control DMSO. Cells were incubated at 37 °C for 1 h and

subsequently lysed (section 2.3.1) producing lysates for western blot analysis (section 2.3.4).

2.9 Inhibition of ADAM 17 anB8S

The D1(A12) ADAM 17 antibody was obtained from Professor Gillian Murphy (Cambridge
University) and used at a concentration &01nM. The wide spectrum metalloproteinase
inhibitor Ro 319790 was obtained from Roche (Hertfordshire) at used at a final

02y OSy i NI G A 2 ¥seetaseanhibitorsab85 (Signa Aldrich) and DAPT[IN
(3,5difluoro-phenacetyBL-alanyl}Sphenyldycine tbutyl ester, ALX70-416) (Enzo, Life

{ OASy0Saz 9ESGSNE ! YO 6SNB 062GK daASR 4 wmn
MEF cells in D1 medium or Molt3 T cells in R1 medium were incubated for 1 h at 37 °C with

the inhibitors or DMSO solvent control at the specified concentratiQetls were then

stimulated (sections 2.7 and 2.8) in the presence of the inhibitors or DMSO control.
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2.10 Statistical analysis

GraphPad Prism was used to analyse the data using av@npé\nova with Tukey posést.
P-values below 0.05 (95 % confitke interval) were termed significant. Each experiment

contains data from 3 independent experiments (n=3).

For flow cytometry analysis, the % of cell surfaselectin expression on Molt3 T cells was
calculated relative to noiTCR stimulated cells, aftsubtracting the isotype control mean

fluorescence intensity (MFI) from all samples:

MFI of TCR activated T cells - MFI of Isotype control

% Cell surface L-selectin = 100 X
MFI of control cells - MFI of Isotype control
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3. ADAM l1Tediated ectodomain proteolysis

of L-selectin induced by TCR

3.1 Introduction

541 FNRBY !yy 1'ISNDa I 02Nl (eRRusds aclivatdrko? gy  ( K
ADAM 17. Activated ADAM 17 then cleaveslectin at the ectodomain generating an MP

product comprising a transmembrane region and aainino acid kselectin ICD (Fig 3.1

Human leucocyte antigen Dendritic cell

AAnA AR AR AR AR AR RRRRRRS

g e

s NG NE oo
-»a C @

00 T Hﬁlm'l, i

Ectodomzflln - Teell
§ _proteolysis

T cell receptor

Figure3.1: ADAM 17 proteolysis of-kelectin inducedafter TCR stimulation(A) Human
leucocyte antigens present a cognate peptide which binds to and stimulates the TCR causing
ADAM 17 activation anddelectin proteolysis.
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In this study, used leukemic,electin negative Molt3 T cells which expressed a HIV based
gag TCR. A pSxW plasmid expressing C terminally V5 His tesgjectih was used to stably
transduce Molt3 T cells (Fig 3.2 Hijtially, experiments were performeit confirmthat the

C terminal V5 His tag ofdelectin did not interfere with ADAM 17 proteolysis after TCR
stimulation. Two different approaches were used for T cell activation; firstly, Molt3 T cells
were incubated with APCs (C1R cells) pulsed with th& @&ycagate peptide SLYNTVATL
(SLY) (Fig 3.2 B). Secondly, Molt3 T cells were treated withuantin CD3/CD28

conjugated dynabeads (Fig 3.2 C).
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Control L-selectin+
Molt3 T cell Molt3 T cell

gag TCR L-selectin
V5/His

B
CiR cell
Inactivated

ADAlM 17 wa-a2 /ct ivated ADAM 17

’ SLY peptide ) )
Inactivated Acthvitad & L-selectin pro.teo.lysns

TCR after TCR activation
TCR
MP product

Inactivated
c ADAM 17
Inactivated Anti-CD28
TCR C028 |
‘Dynabead
Activated CD3  Anti- C03

ADAM 17

L-selectin proteolysis

Activated after TCR activation

TCR

CD3 and CD28 are cross-linked
with antibodies activating TCR

Figure 3.2 A representation of the two different approaches of TCR stimulati@h) L

selectin negative Molt3 T ds expressing a gag TCR tamened control Molt3 T cells.

Control Molt3 T cells were stably trasthgced with Eselectin V5 His are named laselectin+

Molt3 T cells. (B) TCR activation using SLY peptide pulsed C1R cells. C1R cells present a
cognate (SLYeptide to gag TCR on the surface of Molt3 T cells. After TCR stimulation,

ADAM 17 becomes activated and cleavelectin. (C) TCR activation using dutman

CD3/CD28 conjugated dynabeads. Dynabeads coated with antibodies against CD3 and CD28
are incub#&ed with Molt3 T cells. AMCD3 and AMCD28 presented on the surface of

dynabeads bind directly to CD3 and CD28 on the surface of Molt3 T cells stimulating the TCR
which activates ADAM 17 causingdlectin proteolysis.
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Pull down assays were also perfeed to determine whether WTorneda KSRRI dNf S p a
L-selectin directly interacts with ADAM 17 in both resting and TCR stimulated conditions. |
hypothesised that TCR stimulation encourages interaction betwessidctin and ADAM 17

which would induce praolysis. Cobalt coated dynabeads were used to bind to the His tag

of L-selectin to extract potential-selectin/ADAM 17 complexes from the original cell lysate

(Fig 3.3).

V5/His tagged L-selectin

L-selectin/ADAM17 interaction?

ADAM17

Cobalt ions

Figure3.3: Pulldown of Ekselectin V5 His using cobalt ion covered dynabeabiseHis tag
region of kselectin binds to cobalt ions presented on the surface dynabeads. This allows the
isolation and pulldown of potential&electin/ADAM 17 complexes.

3.1.1 Aims of the chapter

1 To confirm that the C terminal V5 His tag efdlectindoes not interfere with ADAM

17 proteolysis after TCR stimulation.
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1 To determine if ADAM 17 interacts witksklectin in both resting and TéRtivated

T cells.
3.2 Generation ofMolt3 T cells expressing V5 His tagged
2 ¢ 2 NN Lygedectin

321 GeBNJ A2y 2F | LY E2 LXIN&EYAR SE
selectinV5 His

Ly (GKA&a aiddzRéx L adlofe {NNpaRimxOSHsusigbh o ¢ C
LI Sy i A @M Lié&ledtid» has an-amino acid truncation (MIKEGDYN), which causes

resistance t)ADAM 17proteolysis (Cheret al. 1995) (Fig 1.7Molt3 T cells were stably

transduced with WT onM-N L-selectin V5 His using a pLentivirus. PCDNAS plasmids

containing WT onM-N L:selectin were provided by Dr Aleksder lvetico YAy 3 Qa / 2t £ S3
London)and Prof Tom TedddlJniversity of Alabamakspectively. Dr VerEnauperCardiff
University)later conjugated WT andM-N L-selectin to V5 and His tags. A HIV based

lentiviral transfer plasmid, pSxW, expressing zinc finger nucle4Z&NL) and rat clusr of
differentiation 2 (rCD2) obtained by fellow PhD student Sophie Wehenkel was digested with
BamHI. BamHI digest caused release ofZENd rCD2 forming a linearized pSxW plasmid.

2 ¢ 2 N Lpetectin V5 His inserts were then introduced into the Bahmdhrized pSxW

plasmid using the Husion cloning technique (Fig 3.4).
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BamHI Xhol

\Pl . / BamHI

L-selectin |V5;‘His| [ ]

+— P2

pcDNAS plasmid pSxW plasmid

15 bp of the pSxW
plasmid complementary
to the 15 bp overhang of the

@ BamHI V5 tagged L-selectin insert

| | L-selectin |V5;"His| |

f

. pSxW plasmid
15 base pairs 15 base pairs
homeologous homeologous
to the to the
plenti plenti
plasmid plasmid
C D
I [ L-selectin IVS;"HisI I
| 1
15 base pairs 15 base pairs 15 base pairs 15 base pairs
hemelogous homologous homologous homologous
to the pSxW to the pSxW to the pSxW to the pSxW
Plasi“id PlasTid plasmid plasmid
| |

I [ L-selectin I\.I’S,I'Hisl

pSxW plasmid pSxW plasmid

Figure3.4: Cloning strategy to generate the pSxW plasmid expresshsglectin V5 His(A)

The Eselectin V5 His insert was amplified from the pcDNA5 plasmid using PCR. The
amplified Lselectin V5 His insert contained 15 base pairs (bp) either side that were
homologous to a pSxW plasmid. (B) The original pSxW plasmid was digested with BamHI to
generate a linearized form with 15 bp either side that were homologous to the segseat

the end of the kselectin V5 His insert. (C) The BamHI linearized pSxW plasmid and amplified
L-sekectin V5 His insert weneecombinedusing Infusion. Here, Ifusion causes

denaturation of double strands at the end of the linearized plasmid aserirat around 15

bp. These 15 bp homologous single stranded nucleotides either end of the linearized
plasmid and insert form hydrogen bonds regenerating double stranded DNA. This allows the
L-selectin V5 His to be inserted into the pSxW plasmid. (D) Sk&/gplasmid now encodes
L-selectin V5 His.
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I . FYIL RAISaAG 41 & LISNF 2N\Weetertin VisHis RS preéssdyin y S
the pSxW plasmid. The original pSxW plasmid was also digested with BamHI as a control to
determine the efficiency of Hiusion. Bands appeared at around 12giand 1273 bp

which were not present in the control. This showtbdt the pSxW plasmids contained WT

I V¥ R -Nl-gelectinV5 Higespectively (Fig 3.5).

,'00
S
R
(A) S&\ﬁ"“\ N (B)
<—BamHl linearized pSxW plasmid
}888 ES <—L-selectin V5 His
") :&‘
o’”Q &
\ \,
(C) S é\ §

<— BamHl linearized pSxW plasmid
},3(5)8 EB L-selectin V5 His

Figure3.5: Cloning of tselectin V5 His in pSxW plasmidane 1of all the images represents

0KS ™M 106 LXdza 5b! fI RRSNJ 6! O-Ntselectink/syHist A TA O

Lanes 2 and Blustrate PCR amplified WT (1281 bp) gné-N L-selectinV5 Hig1273 bp)
respectively. (B) BamHI digest of pSxW plasnaide 12 shows BamHI digest of the pSxW
plasmid originally expressing ZENind rCD2. BamHI linearized the pSxW plasmid removing

ZFN1 and rCD2. This generated a linearized pSxW plasmid. (C) Miniprep DNA isolated from

AL~ s oA

OF NDSYAOAT f Ay astteSIOflisHR miBiprgps were digested! yith Bam®ll !
to confirm expression of the WT ar]d aN L-selectinV5 Hidnserts. Lane 2 represents the
original pSxW plasmid digested with BamHI. Lanes 3 and 4 disfflesethpSxW plasmid

S E LINB & & A y-N L-stletin. Balddgseen at 1281 bp and 1273 bp represent WT and
N aN LselectinV5 Higespectively.

120

AT

0 A



The plasmids were sent for sequencing, which confirmed the DNA sequené&saoid

n aN L-selectin V5 His.

3.2.2 Lentiviral transduction of Molt3 T cellasing pSxW plasmid
SELINB & aA yA Lgelectir2 NJ n a

Molt3 T cells were transduced with pLentivirus containing either WiiMyN L-selectin.

After 48 h, flow cytometry analysis showed enrichment of a high subpopulation of Molt3 T

cells expressing WTseledin (Fig 3.6 A). However, only a small subset of the Molt3 T cell

L2 Lddzt | G A 2y -NSlsélantd & @ $.6:B).Magnetic activated cells sorting (MACS)

ASLI N GA2Yy ¢l & dzaSR (2 Aaz2tl 4GS GKS adzoaSa 27
NLsel®DGAYy G6KAOK $SNB INRsY FT2N 2yS 46SS{-® ¢KAaA
N L-selectin expression showing that the MACS separation enriched high expressing Molt3 T

cells (Fig 3.6 C).
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Figure3.6: Lentiviral transduction of Molt3 T cells with War n aN L-selectin.(A) Molt3 T
cells were lentivirally transduced with pLentivirus containing VWg€&lectin. Cells were
stained with PE conjugated af@D62L @selectin) antibody (red peak) or mouse IgG1 PE
isotype control (grey peak). Transduced cdilsve sufficient expression of WTsklectin
expression indicating successful lentiviral transduction. (B) Molt3 T cells were lentivirally
0N} YaRdzZOSR ¢ A (K LI-$hsdectiANiz@opudioy af Mdlt3/TAcglid didn a
y2i &K2g SE NNBekcinatef trafstiuctiormdue to an overlap with the
isotype control. (C) Molt3 T cells were subjectedtACSseparation and the isolated high

n aN Lselectin expressing Molt3 T cells were grown for 1 week and later analysed for L
selectin expressio. After MACS separation, the isolated subset of Molt3 T cells showed
SY NA OKY Sy N Lxsdlectik @xpréssiny Molt3 T cells.
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3.3 Monitoring metalloproteinase dependent proteolysis

of L-selectin after TCR activation

Initially, 1 wanted to showthat the C terminal V5 His tag okklectin did not attenuate
metalloproteinase dependent proteolysis after Fagtivation.Molt3 T cells were pre

treated with the wide spectrum metalloproteinase inhibitor (Re®3190) or DMSO solvent

control and then igubated for 1 h with C1R cells previously pulsed with increasing

O2y OSYyiNYGA2ya 6mngas G2 mnquw av 2F {[- LISLIA
selectin did not interfere with proteolysis, previous data performed on-temyged £

selectin fromfellow PhD student Sophie Wehenkel was compared (Fig 3.7 A, B and C). Molt3

T cells were also stimulateith increasing volumes d&?2 medium containing suspended
anti-humanCD3/CD28 coated dynabeads whigelectin expression was anadgsusing

flow cytaometry (Fig 3.8 A, B and.C
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Figure 3.7: Stimulation of the TCR using cognate SLY peptide causes proteolysis of L
selectin.WT Lselectin Molt3 T cells were piteeated with (A) DMSO or (B) Ro-8190 and
flF0SNI AyOdzol SR ¢AGK / mw OSffa LlzZ aSR gAGK
As a negative control, Molt3 T cells were incubated with C1R cell that were netpuith

SLY peptide. (C) The percentage expression of cell surkstedtin was calculated from

three independent experiments (n=3).
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Figure3.8: Stimulation of TCR by an€D3/CD28 coated dynabeadsduces proteolysis of
L-selectin.WT Lselecth Molt3 T cells were prreated with (A) DMSO or (B) Ro-87190
and later incubated with increasing volumes of aBi»3/CD28 dynabeads resuspended in
R2 medium. (C) The percentage expression of cell surfaekettin was calculated from
three independenexperiments (n=3).
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Cell surface expression of both V5 His and-tamged Lselectin decreased significantly

FFGSNJ az2ztido ¢ OStfa oSNB AyOdz | (S Rseledin K / mw
expression stabilized at lower levels at highé® LJG A RS O2y OSY G N} GAz2zya 27
Ro 319790 maintained 4{selectin expression levels regardless of SLY peptide concentration.
(Fig 3.7 A, B and C). Cell surfaselectin expression was also reduced to 41 % after DMSO
control Molt3 T cells wer incubated with 6 uL anttD3/CD28 dynabeads. Lowesdlectin
expression levels trailed after Molt3 T cells were incubated with higher volumes of anti
CD3/CD28 dynabeads. Molt3 T cells-imeubated with Ro 3790 maintained {selectin

levels at 85 % #&dr incubation with 6 planti-CD3/CD28 dynabeadsig 3.8 A, B andC

These results show that T@Rtivation by cognate SLY peptide or aDB3/CD28 dynabeads
induces metalloproteinase dependent proteolysis efdlectin which is not attenuated by

the C terminal V5 His tag.
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3.4 Analysing ADAM 17 mediatedtodomain proteolysis
of L-selectin induced after TCR stimulation using western

blot analysis

ADAM 17 has already been shownptmteolyze Lselectin (Prescharet al. 1998). To
confirm that ADAM 17 proteolyzesselectin after TCR stimulatioklolt3 T céis stably

0N} yaRdzOSR NA-gekctirt wiere gréhtupagedwith a known specific inhibitor
of human MAM 17 called D1(A12) (Richarefsal. 2012) (referred as ARADAM 17 in this
thesig. As a negative control, cells were also incubated withisbg/pe control IgG D1(A12)
which does not inhibit ADAM 17. After pteeatment, Molt3 T cells were further incubated
with anti-CD3/CD28 coated dynabeads anchasegative cotrol, Molt3 T cells were treated
with mouse antisheep IgG dynabeads (referremlds IgG control dynabeads in this thesis)

which woutl not stimulate the TCR (Fig B.9
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Figure3.9: Western blot analysis confirming ADAM 17 proteolysis eddlectin induced

after TCRactivation.a 2 f 1o ¢ OSffa &0 otN\NB)BéldciNBerai Ay 3 2 ¢
incubated with D1(A12) (ARBDAM 17 antibody) or the isotype control (D1(A12) control)

and later treated with antCD3/CD28 dynabeads to stimulate the TCR or incubated in

resting conditions with IgG control dynabeads. Blots were stainedamtilvV5 antibody to

detect L-selectin and GAPDH as a loading confrbls result was from a single observation

(n=1).

Only WT iselectin could be visualized after short exposure of 30 sec. After longer exposure
2T p YAYyZ RS iINSGSelectirdvys so®n. ViaKafice jn detection between WT
Iy R -Nl-gelectin likely reveals differences in transduction efficiency between the two

constructs as already shown by flow cytometry (Fig 3.6). Bands at around 56 kDa and 8 kDa
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were detected which represenulfi length and theMIP product respectively. TCR stimulation
using antiCD3/CD28 dynabeads caused loss of full leMgiti-selectin and accumulation of
the MP product. However, pretreatment with anttADAM 17 antibody prevented
downregulation of full length-selectin.These findings were not shown after incubation
with the isotype control for antADAM 17 (IgG D1 (A12)). These results agree with data
generated from Ridirdset al showing that the antADAM 17 (D1(A12)) antibody is specific
to ADAM 17 (Richardst al. 2012). These results display that TCR stimulation mediates

ADAM 17 proteolysis ofd¢electin generatingraMP product.

hyt & ¥Fdz N LdelScyironis Metepted after TCR stimulation. There was no cibe

of an MPproduct confirming that this mutant is resistant &DAM 17proteolysis A band at

28 kDa was detected fgrM-N L-selectin after Molt3 T cells were incubated with antibodies
anti-ADAM 17 andsotype control IgG D1(A12). This band could represent dissociation of
the light and heavy chains of these antibodies after lysates have been incubated in 4 X SDS
sample reducing buffer. However, the 28 kDa band could be specjiidiN L-selectin as it

was not detected from lysed Molt3 T cells expressing Waléctin.This blot would need to

be repeated to determine whether the 28 kDa band was reproduciblaf¥b L-selectin

only. Subsequently, the detected band would be excised and sequenced by mass

spectroscopy for characterization.
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3.5 Studying the interactions betweendelectin and
ADAM 17 iresting and TCRctivatedMolt3 T cells

3.5.1 ADAM 17 interacts with iselectinin resting T cells, but

dissociates after TGRctivation

To determne whether ADAM 17 anddelectin interaction requires prior TCR activation,
experiments were performed in the presence of metalloproteinase inhibitors to capture
enzyme substrate complexes as poasly shown for CD44 (Hartmaret al. 2015).Molt3 T

cells were incubated overnight with Ro-9790 and cells were then either incubated with
C1R cells pulsed with 1 € nor n@SLY peptide and incubated with cobalt coated dynabeads
which bound to the His tag ofdelectin (Fig 3.3As a negative cdrol, control Molt3 T cells
were also used to prove that eluted proteins were specifit-selectin and ADAM 17 (Fig

3.10.
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Figure3.10 L-selectin interacts with ADAM 17 only in resting T cellysates froncell lysis
buffer lysed tselectin+ Molt3T cells or control Molt3 T cells were incubated with cobalt
covered dynabeads. Lysates were used for western blot analysis and staineskefectin
(A) or ADAM 17 (B). Arii5 antibody was used to detectselectin and a C terminal
antibody for ADAM 17Thispull down is one representation of three repeats (n=3) which
have shown reproducible results.
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Pulldowns from Lkselectin+ Molt3 T cells incubated with C1R cells either pulsedowith

withoutmn é wa { [, LISLIIARS Belettia. ThiskngidattRhafRizBT0 f Sy 3 { |
allowed efficient accumulation of full lengthskelectin causing more to bind cobalt ions

presented on the surface of dynabeads in comparison taMiiRproduct. Lysates ém

control Molt3 T cells did not show any bands indicating that detection obtained from the

pulldown was specific to-&electin. For ADAM 17, a band of 80 kixes detected from

resting T cells, but was lost after F&&ivation Together, these results irwhte thatL-

selectin and ADAM 17 form complexes in resting T cells which is disrupted by unknown

biochemical pathways after T&Rtivation.

3.5.2 n aN L:selectin binds to ADAM 17 under bottesting and

TCRactivated T cells

ADAM 17 contains a small stalk region betweenltfé domainand transmembrane region.

¢CKA& adl t1 NBIineligal jQtamngeinbrang régioh coritaidNI4 antino acids

termed CANDIShe CANDIS region of ADAM 17 acts as a substrate binding damdaias

been reported tanteract with I1-6 (DUsterhoft et al. 2014). It was hypothesised that amino

acids (MIKEGDYN) at thH°Rof L-selectin bind to the CANDIS region of ADAM 17. The

MIKEGDYN sequence has been ttuticS R~ F-NRs¥leciindCheret a. 1995) which

LR GSYGdArffte NBY2@Sa GKS /! b NmaynotinieBckwitdh NB I A 2
ADAM 17 explaining why this mutant resists ectodomain proteolysis.

CKAa KeLROiKSaAra ¢l a 0SatsSR (2 RSNSHathyS AT f
defines its resistance to ectodomain proteolysiselectin+ Molt3 T cells or control Molt3 T

cells were prancubated with Ro 3790 overnight. These cells were then further
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incubated with C1R cells pulsed withél®] or no SLY peptide. Resultingdyes were

incubated with cobalton covered dynabeads (Fig 3)11

b@ .{}6@ b@ .;}be
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AM-N L-selectin ADAM 17

Figure3.11Y MjsN L-selectin binds to ADAM 17 in both resting and T&&ivated T cells.
Lysates frontell lysisuffer lysed kselectin+ Molt3 T cells or control Molt3 T cells were
incubated with cobalt covered dynabeads. Lysates were used for western blot analysis and
stained for kselectin (A) or ADAM 17 (B). AN antibody was used to deteciselectin and

a Cterminal antibody for ADAM 17 his result is from a single observation (n=1).

After pull-down assay, bands were obtained from 40 kDa to around 80 kDa repiegehe
active form of ADAM 17 in both resting and T&Rvated Eselectin+ Molt3 T cells, hich
were not present in control Molt3 T cellShese results therefore conclude thhe
MIKEGDYMuncationfrom the MPRof L-selectin does not prevent interaction with ADAM

17. Additionally unlike WT a2 St S O (i A-M Butaintkiées rpotadissociate froADAM 17

after TCR stimulation.
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3.6 Discussion

In this chapter, | generated Molt3 T cells which stably expressed \WW-&¥ L-selectin V5
His using lentiviral transduction. After stimulating the TCR using cognate SLY peptide (Fig 3.7
A-C) oranti-CD3LD28 dynabeads (Fig 3.8A showed metalloproteinase dependent
proteolysis of both nortagged and V5/His taggedsklectin. These results confirmed that
the C terminal V5 His tag ofsklectin did not interfere with proteolysis after T@Rtivation
Wedern blot analysis theshowedthat ADAM 17 was the metalloproteinase responsible
for ectodomain proteolysis of-gelectin which generated an 8 kDa MP pradgeg 3.9. In
later studies, pull down assays showed for the first time thagllectin forms corplexes

with ADAM 17 in resting T cellsut dissociates after TGRtivation (Fig 3.10)
Unexpectedly, althoughM-N L:selectin showed resistande ADAM 17 proteolysis (Fig 3.9,
B), an interaction was observed in both restinglarCRactivated T cell§Fig 3.1). These
results conclude that the-&mino acid truncation in the MPR pM-N does not disrupt

interactions with ADAM 17 as previously suggested by @hah(Chenet al. 1995).

In this study, the extreme C terminus at thaelectin ICQvas fugd to a V5 His tag. This V5

His tag could potentially hinder interaction with protein binding partners that regulate
metalloproteinase dependent ectodomainzdii S2f @ AAa® C2 NJ A yirsthel y OS> !
L-selectin ICinds ezrin and moesin allowingsklectin to be positioned in the microvilli.

Disruption of this interaction causessklectin to be resistarto PMA induced shedding

(Ivetig et al. 2002; Ivetiget al. 2004). Also, calmodulin binds2 K& RNRB LIK26A O NB & A
YR inth&nansiS Y6 NI y' S NB 3 i thel-seleytiR IC[iGfided) et al. 2012;
Chakravarthyet al. 1999). Calmodulin inhibitors such as trifluroperazine induce

metalloproteinase dependerghedding of iselectin (Kahpet al. 1998). Flow cytometry
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analysis was dte to compare proteolysis of V5 His tagged and-tagged Lselectin after
Molt3 T cells were incubated with SLY peptide pulsed C1R antigen preseelisn Data
from section 3.3howed that both V5 His tagged and ntagged Lselectin decreased
membraneexpression after incubation with C1R antigen presenting cells pulsed watiMLO0
SLY peptide. Priacubation ofMolt3 T cells with the wide metalloproteinase inhibitor Ro
31-9790 prevented loss otdelectin expression at the membrane. Furthermore, western
blot analysis from section 3showed los®f detection for full length WT-&electin V5 His
and an accumulatio of aMP product after Molt3 T cells were incubated with anti
CD3/CD28 coated dynabeads. Additionally-ipaibation of cells with the anthDAM 17
antibody (D1(A12)) caused loss of detection for M@ product. Together, these results
confirmed that ingrtion of the V5 His tag to the C terminus edelectin did not interfere

with ADAM 17dependent ectodomain proteolysis after TSRmulation.

Western blot analysis (Fig 3.@ndpull-down assaysHigs 3.10 and 3.} Ehowed detection

of full length kselectin at around 56 kDa which was initially suggested as the membrane
bound form. However, studies performed by Rzeniewicz showed two bands for full length L
selectin at 80 kDa and 110 kDa. They suggested that the higher molecular weight band was
a glycosylteed, membrane bound form of-electin and the lower molecular weight band as

a nonglycosylated intracellular form (Rzeniewierzal 2015). It is therefore possible that

full length Lselectin at 56 kDa shown in these studies represents an intraceiwlarand

future experiments will need to be completed to detema whether ADAM 17 interaction

with L-selectin(Fig 3.1 andsubsequenproteolysis(Fig 3.9 shown in this study occurs at

the menbrane or intracellular regiorBurface biotinylation expearients could be performed

to determine whether full lengthelectin at 56 kDa is at the membrane or intracellular

compartment. After biotinylation of Molt3 T cells, labelled cell surfaselectin would be
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harvested using streptavidin and later detectesing western blot analysis with antb
antibody.Additionally, a subcellular fractionation could be performed after-SRulation
to isolate the membrane fraction containing glycosylated-iedigth L-selectin V5 His.
Membrane fractions could either bdirectly blotted using antv5 to monitor ADAM 17
proteolysis after TCR activation, or pulled down using cobalt coated dynabesidsiatize

interactions with ADAM 17.

Flow cytometry analysis showed that cell surface expressipiMeN L-selectin was lower

than WT (Fig 3.6). Additionally, western blot analysis shawadWT Lselectin was

detected after 30 sec exposure to chemiluminescence substrate, whahMds L-selectin

took longer ats min (Fig 3.2 Unequal expression of WTdnM-N L=selectin in transduced
Molt3 T cells is likely caused by a variance in the multiplicity of infection (MOI). The MOI is
defined at the number of lentiviral particles used to infect each cell. For my study, the
concentration of pLentivirus was notigntified and therefore induced variance for the MOI
of each cell line causing a difference in the efficiency of lentiviral transduction and cell
surface expression of WT api-N L-selectin. In future work, equal amounts of quantified
pLentivirus will ned to be used when generating stably transduced Molt3 T cells to ensure
equal expression of WT amd-N. Equal expression of WT anill-N L-selectin would allow
the same exposure time after addition of chemiluminescence subsfaatsimilar detection
levelsin resting Tcells and more accurate analysis for the levels of proteolysis after TCR

activation.

Pulldown assays from section 3showed thatWT L-selectinbinds to ADAM 17 in a resting
T celland dissociated after T&Rtivation.It is not currently kown whether ADAM 17

interacts with theECDor ICDof L-selectin. Understanding this would provide an insight
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behind the biochemical mechanisms that occur causing ADAM 17 to dissociate-from L
selectin afterTCR stimulation. Like ADAM 17, Gdissociates om L-selectin afterT cell
activation (Kahnet al. 1998). Proteins such as adducin, Igloo protein and neurogranin have
overlappingCaMand PKC binding regions (Matsuokaal. 1996; Neel and Young, 1994;
Gerendasy and Sutcliffe, 1997). Protein kinases phosphorylate binding si@sMaausing
dissociation (Chakravarthgt al. 1999). Speciflcf f @ ¥ LIK 2 a LIK 2aiNet-1 G A2y 2 7F
selectin ICzauses dissociation of catdulin (Rzeniewiczt al. 2015). If ADAM 17 does

bind to thel-selectin ICDit is likely that protein kinases modulate this interaction. For
instance, Kiliaet alhave shown that TCR stimulation causes PE@ PK@ to bind and
phosphorylate serine residisin the Lselectin ICOKilian et al. 2004). Based othe findings
from section 3.5.1t is tempting to speculate that after TCR stimulation, intramolecular
interactions at thel-selectin ICare modulated due to the introduction of two negative

chargesof bound PKEand PKC Ol dzaAy 3 RA&a20AlIGA2Yy 2F 15! a

Thel-selectin ICDnay also act as an anchoring protein for PKC isegyattowing them to
beatclosdeINPEAYA(GE& (2 LIK2ALK2NEBEI (S &adzoaliNI dSao
actin binding danain at the C terminus of moesin disrupting the intramolecular interactions
between boh N and C termini (Pietromonaget al. 1998). Moesin interacts with thie

selectin ICxfter treatment withthe PKC upregulator PMA (Ivetat al. 2002).

Hypotheticaly, after TCR stimulation, PK®ound to thel-selectin ICDnay phosphorylate

moesin. Moesin would then be in an open conformation allowing interaction with.the

selectin IC@zompeting with ADAM 17 for binding sites. It is likely that moesin causes

dissoqation of ADAM 17 after cell activation.
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However, TCR stimulation also causes recruitment of tyrosine kinases such as Lck to the
intracellular CD3 chains of the TCR complex. Lck then phosphorylates tyrosine residues at
the immunoreceptor tyrosine based @ation motifs (ITAMs) in the CD3 chains of the TCR
(Weiss, 1993). Lck has also been shown to interact directly and phosphoryladtsehectin
ICD(Xuy et al. 2008). It therefore cannot be ruled out that phosphorylation of tyrosine as

well asserineresidues at the dselectin ICD regulatateraction with ADAM 17.

Sudies done by Cheet alshowed K I {i -Njl-selectin, bearingin 8amino acid deletion
(MIKEGDYN) at thdPRcan no longer be shed by ADAM 17. Ckealhypothesised tht

n aN Lselectinmay prevent metalloproteinase mediated ectodomain proteolysis because
this mutantis shorter than its precursor.dsequently, the metalloproteinase cleavage site
of L-selectin would be closer to the membrane and would not be able to reachataytic

site of ADAM 17 (Chemet al. 1995). It was initially hypothesised that the MIKEGDYN region
at the MPRof L-selectin either acts to bind the CANDIS domain of ADAM 17. Or, the
MIKEGDYN region optimizes the length of MieRof L-selectin allowing the
metalloproteinase cleavage site (Lys3?* and Sgté#deach the catalytic site of ADAM 17. It
was therefore initially anticipated that truncation of MIKEGDYN would abolish interactions
between Lselectin and ADAM 17. However, pdbwn assays from section 3.5@l not
support our initial hypothesis ggM-N L-selectin was shown to interact with ADAM 17
despite being resistant to ectodomain peolysis (shown in section 3.4nterestingly,

unlike theWTprecursornM-N L:selectin still interacted with ADAM 17 afté CR

stimulation. Possibly, the MIKEGDYN region aMiRof L-selectin is regulating

dissociation from ADAM 17 after TCR stimulation. However, this experiment would need to

be repeated using a positive control for TCR stimulation to solidify this simges
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Hypothetically, the slightly shorter ectodomainjd¥1-N L-selectin may position residues to
interact with regions at théP domainof ADAM 17 that would not occur with bouMITL-
selectin. These compromised interactions betwegdn-N L-selectin and ADAM 17 could
potentially be more stable after TCR activation. It is also conceivable that the MIKEGDYN
region induces structural conformational changes at B&f L-selectin allowing this

protein to shift from an ADAM 17 interactitig non-interacting state. It has already been
suggested thaCaMbinds to thel-selectin ICD Y R 02y aSljdzSy G f &> & Lddzf f & ¢
close to the outer membrane concealing the metalloproteinasewlga site from ADAM 17
(Gifford, et al. 2012). After celactivation, release o€aMmay cause the ectodomain of L
selectin to slightly shift away from the outer membrane which could disrupt interactions
with bound ADAM 17. Theoretically, this outward shift may be dependent on the
hydrophobic rich MIKEGDYN regiat the MPRof L-selectin. Theoretically, release G&M
would allow the hydrophobic MIKEGDYN to migrate away from polar phospholipids such as
Ptd-L-Serat the outer membrane potentially disrupting the interaction betweesdlectin

and ADAM 17. Truncatioof MIKEGDYN jiM-N L-selectin allows the upstream polar
residues QKLDKS to besddo the outer membrane after Caivteracts with thelCDof L-
selectin. These polar residues could interact with phospholipids at the outer membrane
which potentialy would not be disrupted after CaMissociates from the cytoplasmic tail of
L-selectin. Consequently, the ectodomain may not shift upwards &tavirelease

preventing kselectin and ADAM 17 from dissociating after cell activation. If cor@zdy)
release wouldalso not allow the metalloproteinase clezge site of 4selectin (Lys3?* and
Serd?j to reach the active site of ADAM 17. This hypothesis would explaimNoW L

selectin can interact with ADAM 17 yet resists proteolysis.
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Understanding that4selectin ad ADAM 17 interact in a resting leucocyte may shed some
insight on how ectodomain proteolysis is governed after TCR stimul&@imodulates
disulphide bridges at the MP domawfi ADAM 17 changing its conformation from an
elongated, flexible and openrsicture to a compact, rigid and closed one. Thus, PDI
converts ADAM 17 from an actit@ inactive enzyme. (Dusterhott al. 2013).

Furthermore, these conformational structure changes induced by PDI prevented the CANDIS
region of ADAM 17 binding its subete IL-6 abolishing ecddomain proteolysis (Dusterhagft

et al. 2014). PMA stimulation has been shown to geneR@Shat inactivates PDI causing
ADAM 17 to maintain its open conformation (Bass and Edwards, 2010). Currently, it is not
known if TCR stimuii@n also inactivates PDI. Nonetheless, based on the findings from
section 3.5.2, it would be enticing to suggest thmat resting leucocyte, the MP domain

region of ADAM 17 is at a closed conformation whilst boundgeléctin. TCR stimulation

may theninactive PDI causing the MP domaimrADAM 17 to adopt an open conformation
exposing the metallopr@inase catalytic site to Lys32! and Seiri¥he MPRof bound L

selectin inducing ectodomain proteolysis. If correct, theselectin may not bind to the

CANDIS region at the ectodomain of ADAM 17. Otherwise, these two proteins would not be
able to interact in the resting leucoeywhere hypothetically, the MP domaof ADAM 17

would be at a closed conformation concealing the CANDIS region fsatedtin. NF",

does not depend on the CANDIS region of AOANbDr interaction (Dusterhofiet al. 2014).
Unlike IE6, TNF' and Lselectin may interact to ADAM 17 independently of the CANDIS

region.
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4. Intramembrane proteolysis of iselectin by

presenilin

4.1 Introduction

After ectodomain proteolysif)S the catalytic component of the-secretase complex is
responsible for intramembrane proteolysis of type | transmembrane proteins sudPRBs
notch and ErbB4 causing release of l6®(De Strooperet al. 1998; De Strooperet al.
1999;Hoeing et al. 2011).In this chapter, hypothesised that after ADAM imediated
ectodomain proteolysis, the generated MP product efellectin is cleaved in the

intramembrane region b S(Fig 4.1).
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Figure4.1: Model of intramembrane proteolysis of-kelectin byPS (A) -secretase is a
multi-subunit protease comprising of nicastrin, anterior pharinfAph1), presenilin
enhancer2 (Pen2) andpresenilin (PSPSis the catalytic subunit of-secretase. (B) After
ADAM 17 mediated ectodomain proteolysis of full lengelectin, -secretase uses its
subunitPSto cleave the MPproduct in the intramembrane region releasing th&D.
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TwoPSisoforms have been discovered name81 and PSZherrington, et al. 1995; Levy
Lahad et al. 1995; Rogae\et al. 1995).Studies were performed to determine whether the
MP product of tselectin was a substrate for PS1 and/or PS2. To achieve-HakdtinV5

Hiswas transiently transfected iMEFcellsthat were deficient in PS1 and/or PS2.

Other type | transmembrane proteins such as Notch and APP are proteolyzed by both ADAM
10 and ADAM 17/Bpzkulaket al. 2009, Qian et al. 2016; Tousseyret al. 2009). In this
chapter,|l wasalso interested to learn whetherdelectin was proteolyzed by another

metalloproteinase(s) other than ADAM 17.

4.1.1 Aims of the chapter

1 Determine if the MP product of-electin is proteolyzed by PS1 and/or PS2, the
catalytic component of-secretase
1 To learn whetherdselectin is proteolyzed by metalloproteinase(s) other than ADAM

17
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4.2 Validation of! -secretase inhibitors 1685and DAPT

To show whether the MP product ofdelectin is cleaved in the intramembrane region by
PSWTMEF cells werransiently transfected with-selectinV5 Hisand incubated with the

i -secretase inhitbors 1-:685 (Barthetet al. 2011; Gasparinet al. 2004) and DAPT (Micchelli
et al. 2003; Doveyet al. 2001). After 1 h incubation, cells were further treated with PMA to

stimulate proteolysis for 45 min (Fig 4.2).

O K b
S KL >
N X P

-+ -+ -+ PMA

kDa
188—

*@®a P Product

PSS cAPDH

Figure 4.2: 1685 and DAPT both cause accumulation of the 8 kB3&lectin MP product.
WTMEF cells were transiently transfected witlsékectin V5 Hisand incubated in the
presence or absence 6fsecretase inhibitors-685 and DAPT. Cells were further treated
with PMA to induce proteolysis. DMSO was used as a solvent control.
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Full length tselectin was not detected and incubation witt685 and DAPT enriched a
cleaved fragment of-kelectin at 8 kDa which corresponds to the MP cleavage mtodu
described in chapter 3. Thikata indicatesthat these MEF cells were highly active and
proteolyzed Eselectin rapidlyFurthermore, the 8 kDa MRr@duct was shown to be a
substrate for P®ue to the high proteolytic activity of these MEF cells, PMA was not

essential to stimulate proteolysis and was thus excluded from future experiments.

4.3 Analysing kselectin proteolysis ilPSdeficient MEF

cells

Studies were performed to address whether the MP product-eélectin is cleaved by PS1
and/or PS2. {selectinV5 Hiswas transiently transfected in MEF cells deficient in PS1 and/or
PS2, obtained from Professor Bde Strooper (Bart de Stroopgst al. 1999). To

characterize the 8 kDa fragment as an MP product, MEF cells were incubated with Ro 31
9790 alongside transfection and incubated overnight to accumulate full lengételctin (Fig

4.3).

145



N
O
QO©

~L~ ~E-
kDa \X\QL) kDa Q\QL)

N
Q" N

~L—O~£9

GAPDH S . roH

_ PS1 C terminal 18?;:- Full length
cleaved fragment 9 PS2 dimer

o o
C )
IR
kDa OV PE 0‘\;“%9
18

Full length L-selectin

MP Product

WT MEFs PSdKO MEFs

o o
A\ N\
E (_)0 (ggg ,.,J'\’q C)O (8;0 ,,;\9

Full length L-selectin

MP Product

PSAKO + PS1 PSAKO + PS2
MEFs MEFs

IS AP0

D

Levels of MP product

Levels of MP product

8- *%

7_

N 1

5_

4_

3_

2+ _ns_

NI

R S P S
® O) » A9

ENEENE

L X

O WT MEF cells

O PSdKO MEF cells

2.5+
*%
2.0+
€ ns
1.5
1.0
0.5+ T
0.0 T T
O S O &
S q;’) O S 2o
® XL

OPSdKO + PS1 MEF cells
OPSdKO + PS2 MEF cells

146



o

T 20000 ol ek el
! E * & % - * kK
m _— * k&
L4 %k &
E E 15000 + X OWT MEF cells
g O PSAKO MEF cells
% £ 10000 - @ PSAKO + PS1 MEF cells
= @ PSAKO + PS2 MEF cells
@Q

O 7 5000-
'D wh
L

0

Q 0

QLD qpﬁ Q'-;J qqu

Figure 4.3: PS1 mediates intramembrane proteolysis of the MP productselectin.C
terminal antibodies again®®S1 (PS1) (A) andS2 (PS2) (B) were used to characterize wild
type (WT) andPdeficient MEF cell lines. (C) WTR#knockout (PSdKO) MIEElls were
transiently transfected with4selectinV5 Hisand incubated with DMSO;885 or Ro 31

9790. (D) Histograms shows levels of MP product in DM$85 nd Ro 39790 treated
cells based on the mean value of three independent experiments n=3, *5{D.05. (E)
PSdKO MEF cells complimented with PS1 (PSdKO + PS1) or PS2 (PSdKO + PS2) were
transiently transfected with4selectinV5 Hisand incubated with DMSO;885 or Ro 31

9790. (F) Histograms shows levels of MP product in DM88) Bnd Ro 38790 treated

cells based on the mean value of three independergeximents n =3, + SD, *P<0.(5)
Histograms show release of soluble-¢&llectin) based on the mean value of three
independent experiments, = SD **P<0.05. A amay ANOVA with pogtoc Tukeyest was
used for all statistical analysis.
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Immunoblotting with C terminal antibodies of PS1 and PS2 confirmedPtB@eficient
(PSdKO) MEF cells were true knockout cells. Also, that PSdKO MEF cells were singly
complemented with PS1 (PSdKO + P8d)R62 (PSAKO + PSZJ.MEF cells expressed
both PS1 and PS2 (Fig 4.3 A andBg to transient transfection efficiency differences
between experiments, full length-delectin was often below the detection limkowever,

bands at 62 kDa correspond tdlflength Lselectin (Fig 4.3 C and E).

In WT MEFaddls, 685 treatment caused a-fbld increase in the MP product ofdelectin in
comparison to DMSO. However, in PSAdKO MEF cells there was no statistical difference in
detection irrespective of treatmen(Fig 4.3 C and D). Furthermore, in PSAdKO + PS1 MEF
cells, the MPproduct increased detection 1-fbld after treatment with 1-:685 when

compared toDMSO. However, in PSdKO + PS2 MEF cells, there siggaifioantchange in

MP product levels between DMS@d L-685 treatment (Fig 4.3 E and Fhese results
illustrate that PS1 is responsible for intramembrane proteolysis of the MP produet of L

selectin.

Unexpectedly Ro 319790 did not accumulate full lengthselectin in these MEF cell lines,
however MP poduct levels decreased in WT and PSdKO + PS1/PS2 MEF cells (Fig4.3C, D, E
and F). Ro 39790 treatment also increased release ofsglectin in WT an&Sdeficient

MEF cells (Fig 4.3 G). This data may indicate that RFHL treatment stabilizes a prease

in MEF cells that is capable of releasirgglectin into the medium. An alternative route of

release would equate to exosomal release as described for other ADAM 17 substrates such

asTumorassociated calcium signal transducgiT?op2) (Wagneret al. 2015).
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4.4 Monitoring L-selectin proteolysis in ADAM 17 deficient

MEF cells

Proteolysis of iselectin has been reported in ADAM 17 deficient leucocytesfianoblasts
(Evanset al. 2016; Walcheclet al. 2003) andADAM 8 and ADAM 10 have been tistl to
proteolyze Lselectin (Gomezsavirqg et al. 2007; Le Galet al. 2009).Additionally, my ded

shows thatthe wide spectrum metalloproteinase inhibitor Ro-8790 does not increase
detection for full length iselectin in cell lysates (Fig 4.3 C and E), but instead elevates levels
of released siselectin in the medium (Fig 4.3). | argued thaelectin is praeolyzed by

another protease(s) in these MEF cells which is regulated by ADAM 17 activity. In the
presence of Ro 38790, ADAM 17 is inhibited preventing proteolysis of this unknown

protease(s) allowing it to accumulate at the membrane and proteolyzedctin (Fig 4.4).
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Figure4.4: An unknown protease proteolyzesdelectin which is potentially regulated by
ADAM 17.(A) ADAM 17 cleavessklectinat the ectodomain generating an Mioduct
comprising a transmembrane region al€D (B) kselectn is also proteolyzed by unknown
protease(s). ADAM 17 proteolyzes this unknown protease decreasing membrane
expression. This prevents this unknown protease cleavsgjdctin. (C) Inhibition of ADAM
17 activity using Ro 32790 averts proteolysis of thisiknown protease(s). Increased cell
surface levels of this unknown protease(s) elevates ectodomain proteolyssetddtin.
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| wanted to determine whether4selectin is proteolyzed in ADAM 17 deficient MEF cells,
generating an MP product that acts as a substrate for PS1. ADAMMEF cellgenerated
by Carl Blobel (Sahiet al. 2004) were transiently transfected withdelectn V5 Hisalone,
or in combination with FLAG tagged ADAM 17. @edle incubated wih Ro 319790
alongsideransfection and incubated overnightells were then treated with-&85 for 1 h
and then ADAM 17 was activateding the PKC activator PMA (Haknhal. 2003) to induce

proteolysis of tselectin.
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Figure4.5: Analysis of iselectin proteolysis in ADAM Z1deficient MEF cellSADAM17/ -

MEF cells were transiently transfected witsélectinVV5 Hisalone, or in combination with
FLAG taggedDAM 17. Cells were incubated with DMSO, PM#83.and Ro 39790. A C
terminal antibody of ADAM 17 was used to confirm expression. (B) Supernatants from
ADAM 17/ - MEF cells were concentrated and immunoblotted. The cle&@Bbf L-selectin
was detectedusing an N terminal antibody (AMEID62Land the antiV5 antibody was used
to bind the C terminal V5/His tag of both full length or the cleaved fragmentssefdctin
Histograms shows levels of full lengtiselectin (C) or metalloproteinase (MP) prati(D)
from lysates of ADAM U MEF cells with or without ADAM 17 expression based on the
mean of three independent experiments (n=3), + SD, *P<0.05, **P<0.05.-AanANOVA
with posthoc Tukey test was used for statistical analysis.
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Full length tsekectin at 56 kDa was detected in ADAM/EMEF cells, which decreased
significantly after complementation of ADAM 1iicubation with Ro 3B790 increased full
length Lselectin levels itoth the absence and presencé ADAM 17 (Fig 4A and C).
Furthemore, the MP product of-kelectin was detected regardless of ADAM 17 expression,
but was enriched afteincubation with L685 (Fig 4.2\ and D). These results illustrate that
L-selectin is cleaved at the ectodomain by ADAM 17 and another metalloprotég)ase

generating an 8 kDa membrane tethered MP product which is further proteolyz&$by

PMA did not modulate levels of full lengtkstlectin or the MP product, irrespective of
ADAM 17 expression (Fig 4.5 A and C) indicating that the second proteassotioespond
to PKC activation. Arguably, PMA does not further stimulate metalloproteinase activity in

these highly active MEF Iténes as shown in section 4.3

Concentrated supernatants from ADAM-I-MEF cells were immunoblotted and stained
with an anti-V5 antibody to detect full length-éelectin or an N terminal an€D62L
antibody to detect the cleaved ectodomain. Only the cleaved ectodomadirsefectin was
detected (Fig 4.B left panel). The calculated molecular weight of the solukdelé&ctin
ectodomain is approximately 54 kDa and was detected in PMA treated ADAM 17 expressing
MEF cells. Additionally, in ADAM 17 deficient and DMSO or R@3E1treated ADAM 17
positive MEF cells, the medium showed an additional band-&midctin which ran at00
kDa (Fig 4.5 B left panel). Since it is known from the literature that ABAddgtrates can
form dimers at the membrane (Wagneat al. 2015; Hartmannpet al. 2015) it ispossiblethat
the 100 kDa band represents two cleaveselectin ECDs bound aslianer. However, the
protein loading buffer containis-mercaptoethanol, which is a reducing agent and should

disrupt norrcovalent interactions in dimers. Raewiczet alshowed detectiorof a higher
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molecular weight bandepresentingglycosylated, full legth L-selectin at the membrane at
110 kDa (Rzeniewigzt al. 2015). It ighereforelikely that the 100 kDa band detected from
the concetrated supernatanis the cleaved ECD frogtycosylated fullength L-selectin at
the membrane. Additionally, Ro @790increased detection of this band (Fig 4.5 B), which
correlates with increased release ofstlectin from my previous ELISA data (Fig 4.3 G).
These resulttikely show that theg unknown protease(s) cleavesklectin at the

membrane If correct, then full lengthdselectin at 56 kDa from MEF cell lysates (Fig 5.A)
could represent the nowglycosylated, intracellular form, which woutdrrelatewith the
equally described, lower 7&KDa molecular weight band found from RzenievatalQ a
studies (Rzeniewicet al. 2015).Interestingly, the released soluble ECD-sklectin at 56
kDa was only detected from concentrated supernatants when ADAM MEF cells were
complemented with ADK 17 and later treated with PMA (Fig 4.5 B). This result illustrates

that ADAM 17 cleaves potential intracellulasélectin after activation by PMA.

154



4.5 Discussion

In this chapter, | shoed that L-selectin is proteolyzed by ADAM 17 and additional
metalloproteinase(s) which generate a MP product at 8 kDa. Activity of thsgown
metalloproteinase(s) increasead the presence of Ro 33790which elevated levels of the
released soluble-kdectin ECD (Fig 4.3 G and Fig 4.%JBing PS deficient MEF cellsiter
displayed that PS1 further proteolyzes the generated MP product, however the released ICD

was below the detection threshold likely due to rapid degradation.

PSdeficient MEF cellshowed that theMP product of tselectinis shed by PS1, babt PS2.
This finding correlatewith other studies showing that PS1 principally cleaves amyloid
precusor protein (APP) (De Stroopet al. 1998),Notch (De Strooperet al. 1999), ErbB4
(Hoeng, et al. 2011; Fiaturjiet al. 2014) and Eeadherin (Marambaugket al. 2002).Although
PS2 exhibited a redundant role fossklectin proteolysis in this chapter, studies have
illustrated that this isoform oPSis also important for intramembrane proteolysis of type |
transmembrane proteins. For instance, Steisenl showed that mutating aspartic acid to
alanine at residue 366 (D366A) in PS2 causes loss of catalytic activity. Consequently,
intramembraneprocesing of Notchl and APP wsisppressed (Steinget al. 1999). These
findings exemplify that-secretase substrates are differentially processed by either PS1

and/or PS2.

Although these PS deficient MEF cells showed accumulation ofgbkettin MP producin
comparison to WT MEFs, detection for full lengtbelectin was often below the threshold
and did not increase in the presence of Re9¥D0 (Fig 4.3 A and @Yestern blots obtained
from these PS deficient MEF cells therefore did not displacompete hypothesis forL

selectin proteolysishownas ADAM 1-lependent ectodomain shedding followed by
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intramembrane cleavage by PS (Fig 3.1). In contrast to MEFs, Molt3 T cells reproducibly
show detection for full length-kEelectin, which accumulates aft@hibition of ADAM 17 (Fig
3.9). In future experiments, PS1 and/or PS2 could be gene silenced in Molt3 T cells
expressingiselectin. WT and PS deficient Molt3 Ticebuld then be incubated with Anti
ADAM 17 or control (ADAM 17 D1(A12)) antibody in vegting and TCRctivated

conditions to display both ADAM 17 and PS dependent proteolysis.

Many type | transmembrane proteins are processed by multiple metalloproteinases. For
instance, Notch, APP afdcell immunoglobulin and mucin domain 3 (f3)are cleaved by
ADAM 17 and ADAM 18@zkulaket al. 2009 a  f -H&8Kibarth et al. 2013 Qian et al.

2016; Tousseyret al. 2009). Our data in chapter 3 solidly shows that ADAM 17 proteolyzes
L-selectin. However,-kelectin has also been shown to be proteolyzed by MDA and

ADAM 8 (Le Gakt al. 2009;GomezGavirq et al. 2007). Furthermore, iselectin

proteolyzes in ADAMY7 deficient fibroblasts and lymphocytésvanset al. 2016; Walcheck

et al. 2003. To determine ifdselectin is proteolyzed by multiple metalloproteinase(s), L
selectinV5 Hiswas transiently transfected in ADAM-17YMEF cells (Fig 4.5). Full length L
selectin was detected in ADAM-17MEF cells, however levels decreased significantly after
complementation of ADAM 17. Full lengtisélectin increased after incubation with Ro-31
9790 regardless of ADAM 17 expression. Furthermore, an MP product wadetkeie the
presence or absence of ADAM 17, which enriched after incubation vé85LOur data
demonstrate that kselectin is proteolyzed by ADAM 17 and another metalloproteinase(s)

which generate an MP product that acts as a substrate for PS1.

Solublel-selectin was detected in the media at 100 kDa (Fig 4.BBfultlength Lselectin

was detected at around 56 kDa in MEF cell lysatesi(bié\),l suggested that after cleavage
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from the 8 kDa MP product, the resulting cleaved ECD would have an apptexi

molecular weight of 48 kD#later hypothesisedhat L-selectin was present at the

membrane as a dimer like other ADAgbstrates such as Notch, cadherin and CD40
(Troyanovskyet al. 2005; Liyet al. 2010; Reyedloreno, et al. 2004)causing release of two
bound ECDs at around 100 kbEwever, the protein loading buffer contains the reducing
agenti -mercaptoethanol, which would have disrupted roavalent bonddetween
dimers.Rzeniewicet alshowed detection of glycosylated, membbound full length L
selectin at 110 kDa and a ngycosylated, intracellular form at 70 kDa (Rzeniewtc,
2015).In agreement to RzeniewieztalQa Rl Gl X AdG A& O2y OSA@lIofS
kDa was proteolyzed from glycosylated membréaoend Lselectin (Fig 4.5 B). Full length L
selectin at 56 kDabtained from MEF cell lysates (Fig 4.3h&yefore likely represents the
non-glycosylated intracellular form and illustrates that the components in my lysis buffer do

not allow efficient salbilization of membrane bound-kelectin.

Interestingly, the PKC activator PMA caused release of the soluble EGBledtin at 54

kDa, which was dependent on ADAM 17 expression. In contrast, PMA did not elevate
release of the soluble ECD at 100 kDlath the presence or absence of ADAM 17 (Fig 4.5
B).However,Ro 319790 did increased release of this 100 kDa band (Fig 4.3 G, Fig 4.5 B)
which could suggest that ADAM 17 proteolyzes this unknown metalloproteinase(s). In the
presence of Ro 32790, ADAM 1 activity would be inhibited allowing these
metalloproteinase(s) to accumulate. Increased expression of these metalloproteinase(s)
would elevate proteolysis of$electin (Fig 4.4 hese results possibly indicate that ADAM
17 cleaves nowlycosylated imacellular Eselectin releasing a 54 kDa ECD which is
upregulated after PMAactivation. In contrast, the unknown metalloproteinase(s) likely

proteolyzes glycosylateddelectin at the membrane releasing the 100 kDa ECD and is not
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activated by the same bibemical pathways as ADAM 17. However, levels of expression of

this unknown metalloproteinase(s) is regulated by ADAMoteolysis.

Future experiments will need to be completed to determine whether the detected band
from cell lysates at 56 kDa (Fig 4)50A concentrated supernatant at 100 kDa (Fig 4.5 B)
represents membrane localizeeskelectin. For instance, biotinylated ADAM/AMEF cells
would firstly be incubated with DMSO6B5, PMA or Ro 32790, with or without
complemented ADAM 17 and labellegelectin could be harvested from both the cell
lysate and collected supernatant. Additionally, Rzeniewia used the membrane
solubilization agent Nonidet-X00 in their lysis buffer to achieve detection of both the 110
kDa and 70 kDa bands of fldhgth Lselectin (Rzeniewicet al. 2015). In future studies, |
could also use Nonidet-X00 instead of TritorX which is the current membrane solubilizing

agent in my lysis buffer.
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5. Intramembrane proteolysis of iselectin by -

secretase indced after TCR stimulation

5.1 Introduction

Data from chapter 4 showed that PS1 cleaveshtireproductof L-selectin when expressed

in MEF cells. However, asélectin is found only in leucocytes, it was unclear whether the

MP product is cleaved Bysecretase in Molt3 T cells. TCR stimulation activates ADAM 17
causing ectodomain proteolysis o&klectin generatinghe MP product (Fig 3.8.8and

3.9). Experiments were designed to establish if TCR stimulation also causes intramembrane
proteolysis othe MP product by PS1. During endoproteolysis, an intramolecular cleavage in
PS1 occurs betweenMDs 6 and 7 oPSforming the catalyically active enzymeAhn, et al.

2010; Brunkapet al. 2005). In this study, the hypothesis that TCR stimulation induces
endoproteolysis of PS1 will be addressed (Fig 5.1 A). Activated PS1 would then cleave the
MP product of tselectin releasing the intracellular domain (ICD) into the cytoplasm (Fig 5.1

B).
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Figure5.1: TCR stimulation hypothetically inducendoproteolysis and activation of PS1
inducing intramembrane proteolysis of-kelectin.(A) After presentation of cognate
peptide, the TCR becomes stimulated and induces endoproteolyBiS Diuring
endoproteolysis, an intramolecular cleavage occurs betwEMDs 6 and 7 generating a
catalytically active C terminal fragment®8. (B) AfteendoproteolysisPSbecomes
activated and cleaves thdP product of Lselectin at the transmembrane region releasing

the ICD.
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Data from chapter 4 also showed that a cleavesklectin IC[yenerated by -secretase was
unstable and rapidly degraded. Other ICDs such as ErbB4 (EICD) and notch (NICD) are rapidly
degraded by the proteasom@®perg et al. 2001; GuptaRossiet al. 2001;Fryer, et al. 2004;

Zeng et al. 2009).In this chapter, Molt3 T cells were directly lysed in Laemmli buffer to

prevent rapid degradation dhe L-selectin ICD.

Nicastrin, termed the substrate binding domairt edecretase, has been shown to bind both
full length and cleaved fragments of typ&ransmembrane proteins (Shaét al. 2005;

Dries et al. 2009; Yuyet al. 2000). PSalso directly interacts with full length APP facilitating
proteolysis Kia et al. 1997). It was hypothesised that after TCR stimulation and ADAM 17
mediated ectodomain proteolysis ofdelectin, the MP product would bind nicastrin and
PS1 in a complex. In this study, pull down assays were performed to learn whether full
length or the MP product of tselectin binds to nicastrin and/dtSunder resting or TCR

stimulated conditions.

5.1.1 Aims of this chapter

1 Todetermine ifTCR stimulation induces intramembrane proteolysis of the MP
product of Lselectin by -secretase

1 To determinefiTCR stimulation causes endoproteolysis and activation of PS1

1 To monitor interactions between-$electin and nicastrin/PS1 under both resting and
TCR stimulated conditions

1 To determine if the PS1 generatedelectin ICOs degraded
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5.2 Time course otctodomain and intramembrane
proteolysis of kselectin in Molt3 T cells after TCR
stimulation

5.2.1 Ectodomain proteolysis ofdelectin occurs at early time

points after TCR stimulation

Type | transmembrane proteins are shed at the ectodomain beferecretase induces
intramemlrane proteolysis (Lichtenthaleet al. 2011; Struhl and Adachi, 2000). To test
whether L-selectin is sequentially proteolyzed by ADAM 17 and theacretase, 1685 or
DMSO treated Molt3 T cells were stimulated withL of R2nedium containing
resuspendednti-CD3/CD28 dynabeads for 0 min, 5 min, 15 min, 30 min and 60 min and
analysed by flow cytometry to determine the kinetics of ectodomain proteolysis. Cells were
also incubated witl8 >L R2 medium containing resuspendgcontrol dynabeadgFig 5.2

A-D). Supernatants were collected and analysed for releasé&sdlectin(Fig 5.2 E).
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Figure5.2: TCR stimulation induces rapid metalloproteinase dependent proteolysis-of L
selectin.Molt3 T cells expressingdelectinV5 Hiswvere incubated with 1gG control (A), anti
human CD3/CD28 (B) and ahtiman CD3/CD28 dynabeads wit6&5 for 0 min, 5 min, 15

min, 30 min and 60 min and analysed using flow cytometry. (D) The percentage expression
of cell surface iselectin was daulated from three independent experiments (n=3). (E)
Histograms show release of soluble-¢&llectin) based on the mean value of three
independent experiments

163



Cell surface levels ofdelectin did not change during 60 min incubation with IgG control
dynabeads (Fig 5.2 A and D). Following TCR activation, cell sudaleetin decreased

rapidly to 50% of control levels within the first 5 min and stabilised at 40% of control levels
between 15 and 60 min (Fig 5.2 B, C and D). Changes in membrane expressi

accompanied by &-fold increase inlsselectin by 5 min which increased téddid and
stabilisedafter 15 min. Althoughlsselectin levels in IgG control treated cells were found to
increase within the first 5 min, they were 3{@&ld lower than n TCR activated cells (Fig 5.2

E). The -secretase inhibitor4685 had no effect on membrane turnover or release-of L

selectin following TCR activation. These results show TCR stimulation activates ADAM 17 at
early time points causing rapid proteolysisledelectin. Also, inhibition of-secretase does

not interfere with ADAM 17 dependent ectodomain proteolysis.

5.2.2 TCR stimulation induces intramembrane proteolysis-of L

selectin by -secretase

Our earlier findings show that TCR stimulation induceésdmmain proteolysis of-sdectin

by ADAM 17 (sections 3.3 and Bahd that the generated MP product is susceptible to
cleavage by PS1 (sectio@@.lnow wanted to determine whether TCR stimulation initiates
PSdependent intramembrane proteolysis. M8IT cells from section 5.2.1 were analysed by

western blotting (Fig 5.3).
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Figure5.3: Stimulation of the TCR induces intramembrane proteolysis by R Molt3 T

cells expressingelectinV5 Hisfrom section 5.2.1 were analysed by western blottingFjB
Histograms show fold induction compared to Molt3 T cells incubated at O min (full length L
selectin) or 5 min (MP product) with the various treatments based on the mean values of
three independenexperiments n=3, SD %, *P <0.05, **P <0.05, ***P<0.05. Avzane

ANOVA with poshoc Tukey test was used for statistical analysis.
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There were two bands of similar molecular weight around 52 to 56 kDa representing
different forms of full length {selectn. InrestingT cells, both forms dfll lengthL-selectin
remained unchanged during the #0in time course and importantly lacked the MP product
in the lysate (Fig 5.3 A and B). These results demonstrate clearly-sb&tdtin does not

undergo ectodomai proteolysis in the absence of TCR stimulation.

In TCRactivated T cells, only the lower 52 kDa band decreased between 0 min to 60 min.
Detection of the upper 56 kDa band did not change showing that this forrselielctin did
not undergo ectodomain praolysis. Statistical analysis was therefore calculated using only

the lower l-selectin band at 52 kDa.

Following TCHRctivation, the level of full length-¢electin was reduced by 20% after 5 min,
which coincided with the detection of the MP product. the presence of 685, the
reduction in full length iselectin was higher at 40%. Full lengtbelectin continued to

decrease to 20% of startuels between 15 min and 30 miRig 5.3 A, C and D).

The level of MP product detected after 5 min decreasetiieen 15 and 30 min in DMSO
treated TCRactivated cells (Fig 5.3 A, E). Theecretase inhibitor 4685 stabilized the MP
product (Fig 5.3 A, E and F). These results show that TCR stimulation initiates
intramembrane proteolysis of the MP product B Howvever, thePSgenerated ICD of-L

selectin was not detected which likely illustrates that the ICD is rapidly degraded.
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5.3 Approaches to detect thieselectin ICD

All western blots generated so far lacked detection of the cledveelectin ICD.
Intracellular domains of other substrates such as amyloid precursor protein (AICD) and
Notch (NICD) have been difficult to detect due to rapid degradation by the ubiquitin
proteasome pathway (De Stroopeat al. 1999; Schweisguth, 2004; Selkoe and Kopan,
2003).Additionally, AICD is also a substrate for treulm degrading enzymahich is a
metalloproteinase known to degrade short polypeptidésibaueyet al. 2002). My data

suggested that the ICD ofselectin is also rapidly degraded preventing detection.

Qeaved AICD and NICD enter the nucleus and act as gersetigtional factors (von Raqtz

et al. 2004; Schroeteret al. 1998). Studies performed so far have extracted soluble proteins
from the cytoplasm and plasma membrane usiedj lysisouffer. My cel lysisbuffer does

not contain reagents such as sodium deoxycholate or SDS that solubilize cytoskeleton or
nuclear membranes. Potentially, the ICD @felectin is either rapidly degraded or localized
in a subcellular organelle, such as the nucleus, wiictot been solubilized bgell lysis

buffer.
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Figure 5.40ptimisationto detect the PS generated intracellular domain osklectin.(A)
Molt3 T cells expressingdelectinVV5 Hiswvere lysed ircell lysiduffer to extract proteins
from the soluble fraction. The insoluble pellet was further lyseckithlysisouffer
supplemented with 0.5 % SDS and 1 % sodium deoxycholate to obtain proteins from
insoluble fractions. (B) Molt3 T cells were incubated witti-anman CD3/CD28 dynabeads
and directly lysed in Laemmli buffer. Lysates were run of18@ % Bidlris gradient gel. A
doublet at 8 to 13 kDa (red arrows) is detected in DMSO treated T cells. (@¢ivaked
Molt3 T cells were incubated with AMMDAM T (D1 (A12)) antibody or the D1 (A12)
control. The 13 kDa fragment ofskelectin was detected (in red box only in the presence of
ADAM 17 activity. (E and F) Molt3 T cells were directly lysed in Laemmli buffer and run on a
16 % Trigylycine gel. A 5 kDa bd was detected which was not cleared after incubation
with DMSO, DAPT (E) 6685 (F). These results are from single observations (n=1).
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L-685 or DMSO treated Molt3 T cells were firstly lysedeith lysisouffer to extract

membrane and cytosolic protes and the remaining insoluble pellet wassespended in

cell lysisouffer containing 0.5 % sodium deoxycholétev) and 0.1 % SO®@/v) followed by
sonication There was no detection of thedelectin ICD in the soluble or insoluble fractions

of non orTCRactivated T cells (Fig 5.4 A).

These Molt3 T cells were incubated for 60 min with €i3/CD28 dynabeads and 35 min
lysis incell lysisdouffer. lanticipated that prelonged incubation allowed degradation of the
L-selectin ICD by intracellular proteas. Detection of other ICDs such as AICD has been
achieved by directly Iysg cells in Laemmli buffer (Sudt al. 2011). Molt3 T cells were
activated with aniCD3/CD28 dynabeads and incubated with DMSOG6&5Lprior to lysis
Laemmli buffer and westerblot analysis. In DMSO controls, a doublet of bands at 8 and 13
kDa were detected at 5 and 15 min (Fig 5.4 B DMSO) which was absent in T cells treated
with the ! -secretase inhibitor4685 (Fig 5.4 B-685). This band at 13 kDa was also cleared
after TCRadivated T cells were incubated with AMSDAM 17 (D1 (A12)) antibody (Fig 5.4
C).ICDs of notch (NICD) and ErbB4 (EICD) are ubiquitinated leading to degradb#aoy (

et al. 2001, GuptaRossiet al. 2001; Fryeret al. 2004). Ubiquitin is 8 kDa and suggestively,
the L-selectin ICD is 5 kDa. The 13 kDa bandd representa PS1 generated
monoubiquitinated ICD of-gelectin.However, proteomic analysis has only shown one
ubiquitin site at lysine (K78) in the ectodomainL-selectin (Mertinsget al. 2013) which

could suggest that the-gelectin ICD undergoes other pasanslational modifications after
proteolysis.Sew tamg Sen Bnthe L-selectin ICD are phosphorylatedter cell activation
(Rzeniewicet al, 2015).The addition of two negatively charged phosphate groups to the
cleaved fragments of-telectin can interfere with prote#$DS interactions and

consequently disrupt the mass to charge raliaring electrophoresisvhich would modulate
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the electrophoretic mobity towards the anod€Groselyet al. 2013).The 13 kDa band
would need to be excised and analysedngss spectroscopy to monitor pesanslational
modifications of these cleaveddelectin fragmentsHowever, the bands in Fig 5.4 B were
situated tooclose to one another. Consequently, it would be difficult to excise only the 13

kDa fragment.

In Fig 5.4 B, detection for the 13 kDa fragment was lost completely after 30 min and thus 5
and 15 min time points were chosen for future experiments. 16 %glygine gels were

used to separate the bands at 8 and 13 kDa and contrary to Fig 5.4 B, a 13 kDa fragment was
not detected (Fig 5.4 E). However, a band at 5 kDa appeared after both 5 and 15 min TCR
stimulation. Remarkably, this band was alsoabtéd in the presence of&85 and DAPT (Fig

5.4 D and E)Thus, this band is notRSgenerated Lselectin ICD.
5.4 TCR stimulation causes endoproteolysiml activation

of PS1

Data from section 5.2.2 shows that stimulation of the TCR induces intnémase

proteolysis of the MP product ofdelectin byPS Inow wanted to determine if TCR

stimulation initiates endoproteolysis and activation of PS1. A C terminal antibody of PS1 that
binds amino acids 45067 was used to detect full length (48 kDa) #inel cleaved C

terminal fragment (CTF) (18 kDa) during western blot analysis. Firstly, Molt3 T cells were
incubated with 1gG control or an€D3/CD28 dynabeads for 60 min to see if TCR stimulation
enriches the CTF of PS1. Lysates of WT and PSAdKO MEErealisad to confirm that

bands detected were specific to PS1 (Fig 5.5 A). Irstionulated T cells, a 48 kDa band was

detected representing full length PS1 as well as higher molecular weight bands from 62 to
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188 kDa which likely represent glycosylatedrerof SDS stable complexes of full length

PS1. In TG&tivated T cells, full length PS1 was still detected, but an 18 kDa band
representingthe cleaved CTF of PS1 appeared (Fig 5Bd#).full length and CTF of PS1

were detected in WT MEF cells demouasimg their high activity as discussed in Chapter 4.
The PS1 antibody detected no bands in PSAKO MEF cells. This confirmed the specificity of

the anttPS1 antibody (Fig 5.5.A
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Figure5.5: TCR stimulation induces endoproteolysis of PAXC terminhantibody forPS1

was used to distinguish full length (48 kDa) and the cle&/E18 kDa). (A) Molt3 T cells

were incubated with 1gG control or anti human CD3/CD28 dynabeads for 1 h. To confirm
bands were specific to PS1, lysates fddfil and PSdKO ME#lIs were also used for

western blot analysis. (B) Molt3 T cells were incubated with-laumnan CD3/CD28

dynabeads for 0 min, 5 min, 15 min, 30 min and 60 min. (C) Histograms show fold increase
in PSICTFecompared to noATCR stimulated Molt3 T cells basedthe mean of three
independent experiments n=3, SD %, *P <0.05. Awag ANOVA with pogioc Tukey test

was used for statistical analysis.
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The rate of PS1 endoproteolysis in Td&&Rvated Molt3 T cells was determined after 0 min,

5 min, 15 min, 30 miand 60 min incubation with an€D3/CD28 dynabeads. After 5 min
stimulation, the PS1 CTF increased Hgl@. Between 5 and 15 min, the CTF elevated a
further 2-fold and decreased thereafter. Potentially, the CTF is degraded by the lysosome or
proteasomeafter pro-longed periods of TCR stimulation regulating the catalytic activity of

PS1.
5.5 Monitoring interactions between-kelectin and -
secretase subunits

5.5.1 Lselectin binds toP, but notP2, under both basal and

TCR stimulated conditios

In PSdeficient MEF cells hHave shown that PS1 proteolyzes the MP productsélectin. In
contrast, PS2 does noteave Eselectin (section 4)3 Itherefore hypothesised that-L
selectin would interact with PS1, but not PS2, after TCR stimulation triggesilgdtin
proteolysis. To monitor these interactions, Molt3 T cells were incubated overnightiith
>M L-685 to accumulate potential PS1/PS&dlectin complexes. After&85 treatment,
Molt3 T cells were further incubated with C1R antigen presenting cells pulsed with or
without 106 M SLY peptide. Molt3 T cells expressing gag TCR but #dis\t&gged 1L
selectin were used to confirm thatdeledin V5 Hiswvas selectively pulled down after

incubation with cobalt coated dynabeads (Fig 5.6).
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Presenilin-1 or Presenilin-2
interaction?

Nicastrin interaction?

Dynabead

Dynabead obalt ions

\VS/ His tag

Metalloproteinase product
of L-selectin

Figure5.6: Diagrammatic representation of-kelectin V5 His and nicastrin/PS pulldown
assays(A)L-selectintMolt3 T cells expred.-selectinV5 HisMolt3 T cells not expresgi-
selectinV5 Hisare control Molt3 T cells. (B) (1) Both cell lines are incubated we8bL

overnight. (2) 1685 incubated T cells are théreated with C1R antigen presenting cells

LJzt aSR ¢gAGK2dzi 2NJ g6AGK mnquw a {[, LISLIGARSO®
antigen presenting cells, the SLY peptide binds to cognate gag+ TCR presdntsdeatin+
Molt3 T cells and stimulates both ADAM andPS ADAM 17 cleaves full lengtksklectin
generating the metalloproteinase (MP) product. In the presence@83,PSis inhibited and

the MP product accumulates. (4) In control Molt3 T cells, TCR stimulation activates ADAM
17 andPS however in theabsence of iselectin, no MP product is generated. (5)ehf

incubation with norpeptide pulsedC1R cells, the gag+ TCR is not stimulatéeselectin+

Molt3 T cells. Consequently, ADAM 17 &fare not activated and-kelectin is not

proteolyzed. Thisllows full length iselectin to accumulate on the surface of these T cells.

(6) In control Molt3 T cells absence of TCR stimulation also prevents activation of ADAM 17
andPS however these {selectin deficient T cells do not accumulate full length pratéC)

Both cell lines are lysed and incubated with cobalt coated dynabeads. The V5 His tag of the
accumulated metalloproteinase (MP) product binds to cobalt ions on the surface of the
dynabeads only in lysates of Molt3 T cells. Nicastrin and®will also be indirectly

attached to these cobalt coated dynabeads if they interact with the MP product of L

selectin
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Control Molt3 T cells showed no detection of bands demonstrating clearly that enly L
selectinV5 Hiswvas pulled down. Both full length and MRoduct of L-selectin were

detected in noractivated as well as T&@Rtivated T cells. The abundance of full length L
selectin suggests that SLY peptide induces lower levels of ectodomain proteolysis than anti
CD3/28 dynabeads and is, therefore, a weakenslus. However, SLY peptide incubated T
cells showed increased detection for the MP product confirming that TCR stimulation
occurred. It is also possible that the cobalt covered dynabeads bind full lersgtledtin

more avidly than the MP product. PS1litimot PS2, was detected in both nawtivated and

TCR activated T cells. This shows that PS1, but not PS2,Bseldstln (Fig 5.7)
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Figure5.7: PS1 interacts with4selectin in both resting and TC&tivated T cellsLysates
from cell lysisuffer lysed L-selectin+ or control Molt3 T cells were incubated with cobalt
covered dynabeads. Lysates were used for western blot analysis and stainesefectin
(A),PS1 (PS1) (B) a?S2 (PS2) (C). AR5 antibody was used for detection ekelectin
and Cterminal antibodies for PS1 and P38is result is one representation from three
independent experiments which all show reproducible results (n=3).
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5.5.2 Lselectin binds to nicastrin in both basal and TCR stimulated

conditions

Further pull down experiments were performed as in Fig 5.7 but stained for nicastrin to

assess whether it is associated witkdlectin (Fig 5.8).

e O e o
e,Q'&\b QQ’Q\\ B eQ&\bQ&&\
A A S S
R, 3 Y ¢
ol o o NS
kDa X & (9 kDa X

. Nicastrin
Full length L-selectin

MP Product

L-selectin Nicastrin

Figure5.8: L-selectin interacts with nicastrin in both resting and T@Rtivated T cells.
Lysates frontell lysisbuffer lysed Eselectin+ or control Molt3 T cells were incubated with
cobalt covered dynabeads. Lysates were used for western blot analysis and stained for L
selectin (A) or nicastrin (B). Aitb antibody was used to detectsklectin and a C terinal
antibody for nicastrinThis result is one observation from three independent experiments
which all show reproducible results (n=3).
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In the input lysate, nicastrin was detected at 78 kDa representing full length protein (Wolfe,
2016) and 58 kDawhich likely displays a cleaved fragment. After pulldown, Nicastrin at 78
kDa and 98 kDa was detected from lysates derived fromautivated and TCR activated T
cells. This 98 kDa band of nicastrin may represent ars&Df& complex between nicastrin

and another subunit of the-secretase complex.
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5.6 Discussion

In this chapter, | have shown that early time points of -BCRation induce rapid ADAM 17
dependent proteolysis of-kelectin (Fig 5.2) which generates an 8 kDa MP produch (Fig

A). Furthermore, my data shows that crdssing the TCR also activates PS by inducing
endoproteolysis (Fig 5.5). Activated PS then cleaves the MP product however, the released
L-selectin ICD was not detected likely due to rapid degradation (Fi§,F3and F).

Additionally, pulldown assays using cobattn coated dynabeads showed thaselectin

forms compleces with both nicastrin (Fig 5.8) and PS1 (Fipib.Both resting and TER
activated conditions. Together, my results illustrate thaelectn already forms complex

with ADAM 17 (Fig 3.)0nicastrin(Fig 5.8\and PSIFig 5.7)n aresting T cell. TER

activation then activates both ADAM 17 and PS1, which induces rapid proteolysis of bound

L-selectin.

PSmediated intramembrane proteolysid substrates such a&PPand notch has bae

widely published (De Stroopest al. 1999; Palacincet al. 2000). However, it is currently
unknown whether TCR stimulation induces PS1 activation. Western blot analysis in section
5.2.2 showed that the MP product ofselectin was detected 5 min pe$CR stimulation.

The MP product decreased from 5 min to 60 naind this decrease was blocked by the
secretase inhibitor 4685 (Fig 5.3). In agreement with our initial hypothesis, TCR stimulation
induces intramembrane proteolysis of the MP product Isecretase. then asked whether
TCR stimulation activates PSlitgucing its endoproteolysis. Western blot analysis from
showed that TCR stimulation caused PS1 cleavage (Fig 5.5 A). Additionally, in a time trial
study, the PS1 CTF accumulated in-&€Rated T cells between 5 to 15 min, but decreased

after 30 min (Fg 5.5 B). Together, these observations show that TCR stimulation initiates
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endoproteolysis of PS1 at early time points, generating the catalytically active cleaved CTF.
The CTF is potentially degraded after4wnged periods of TCR stimulation which would
limit the catalytic activity of PS1. How TCR signalling regulates endoproteolysis of PS1 is
currently unknown. TCR stimulation activates the mitogen and stress activated kinase
(MSK). MSK phosphorylates and activates the cAMP response elbiméimy (CRE)

protein (Kaiseret al. 2007). CREB binds to the 238 bp region of the promoter foPthe
enhancer2 (Penr2) gene. After this interaction, Péhexpression is increased (et al.
2006). Per? has been shown to interact witfSand indlO S A (i dofeolySig (Ranieked

al. 2014). Disruption of this interaction causes both Peand PS1 CTF to be daded at

the proteasome (Prokgpet al. 2005; Hondaet al. 1999). It is possible that signalling
pathways induced after TCR stimulation promote intei@ts between Pei2 and PS1
initiating endoproteolysis of PS1. After planged periods of TCR stimulation, signalling
pathways such as MSK may subside reducing the expression-@faehabolishing
interactions with PS1. Free, unbound PS1 would therubeeptible to degradation by the

proteasome.

Notch2 and Notch3 receptors are firstly shed at the ectodomain by ADAM 10 ptier to
secretase dependenhiramembrane proteolysis (Groget al. 2014). Flow cytometry, ELISA
and western blot analysis from sémts 5.2.2 and 5.2.3 showed that activation of the TCR
using anti humarCD3/CD28 dynabeads caused ectodomain proteolysiselelctin
independently of -secretase activation (Figs 5.2 and 5.3). These results confirmed that after
TCR stimulation, metallopteinases shed-kelectin at the ectodomain befoleScan induce

intramembrane proteolysis.
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Nicastrin binds to newly generated N termini of substrates generated togemain
proteolysis via Glu3¥Shahet al. 2005; Drieset al. 2009). EHrthermore, thecleaved beta
fragments of amyloid precursor protein (ARF99 and C8Bind nicastrin(Yy et al. 2000).
However, nicastrin, as well &Sassociats with full lengthAPP (Cheret al. 2001;Xia et al.
1997). In this study, pull down assaysng cobalton-coated dynabeads to bind the His tag
of L-selectin (Fig ) were performed to learn whethethe full length or the MP product of
L-selectin binds to nicastrin and/&Sunder restirg or TCR stimulated conditionsilidown
assays from sections 5.5.1d8B.52 showed that nicastrin and PS1 bound tselectin
under both resting and TCR stimulated conditionswever, Icould not determinenvhether
full length or the MP product of-telectin interacted with nicastrin or PSuture studies
could be perforned where lysates from Molt3 T cells stably expressing V5/His tagged
nicastrin orPSand nontagged Lkselectin are lysed and incubated with cobalt covered
dynabeads. Blots could then be stainfed nontagged Eselectinusing the C terminal CA21

antibody toascertain whether full length or MP product binds to thessecretase subunits.

ICDs for other type | transmembrane proteins such as amyloid precursor protein (AICD) and
Notch (NICD) have also been difficult to detect due to rapid degradation. Fondests|CD

is ubiquitinated by Hox/WD repeat containing protein 7 (foxw7). Ubiquitinated NICD is

then degraded by the proteasom®berget al 2001, GuptaRossiet al. 2001, Fryeret al.

2004). The ICD of the related tieceptor tyrosine kinase (Ryis)bound to Cdc37, a subunit

for the molecular chaperone heat shock protein 90 (Hsp90). Disruption of this interaction
causes proteasome degradation of the ICD of Ryk receptor (Lyu, 2009). CTFs of Met receptor
and premelanosome protein (PMEL) generated aftsecretase activity are stabilized in the
presence of lysosomal inhibitossich adeupeptin, pepstatin A and chloroquirfean Nie] et

al. 2011; Ancotet al. 2012). Contrastingly, degradation of AICD is not inhibited in the

183



presence of lysosoméeupepin and bafilomycinpr protease(Lactacystin) inhibitors

(Cuperset al. 2001). Instead, AICD is rapidly cleared by the insulin degradingne which

is a metalloproteinase that proteolyzes small polypepti(fedbaueret al. 2002).

Additionally, aher PSgenerated ICDs localize in subcellular organelles, such as the nucleus,
whichcell lysiduffer does not solubilize. For instan@dCD binds to Fe65 in the cytoplasm
and migrates to the nucleus. In the nucleus, AICD and Fe65 form a complex withtHap
interacts with DNA inducingene transcription (von Ratet al. 2004). Comparably, NICD

binds to the transcriptional factor CSL in the nucleus andctimsplex binds to DNA
(Schroeteret al. 1998). The 1-amino acid ICD ot4electin contains 8 pdsrely amino

acids. This short, positively charged polypeptide could form electrostatic interactions with
the negatively charged phosphate backbone of DNA in the nucleus. Also, the ICD for the L1
cell adhesion molecule (LLCAM) binds to the cytoskeletdaepre actin and ERM proteins
(Lcers and Schachner, 2007; Herrehal. 2009; Kiefelet al. 2012). The ICD ofdadherin
Ifa2 o0AyRa (2 G(KS Oeii2a1Sft SdrRr YN Rddbehiy 30 | G SN
(ZaideiBar,et al. 2013, Hanet al. 2012; Van Italliget al. 2014). It has been established that
L-selectin interacts with the ERM proteins ezrin and moesin @vetial. 2002). Potentially,
L-selectin ICD may be associated with these ERM proteins caesamjion at the

cytoskeleton. tonceptualized that inhibiting degradation of thesélectin ICD causes
accumulation in these subcellular organelles whichabk lysibuffer does not solubilize.

Suhet alachieved detection of AICD by directly ggscells in Laemmli buffer (Suat al.

2011). This approach was beneficial to our studies for two reasons. Firstly, direct lysis would
prevent intracellular proteases from degrading the ICD-s¢lectin. Secondly, the whole

cell lysate would be run and analysed by immunoblotting to deteenifi the ICD of-L

selectin was present in insoluble pellets. TCR stimulation of Molt3 T cells was shortened to 5
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min to suppress potential rapid degradation of the ICD-sélectin. A band at 5 kDa was

detected which was initially thought to be the ICDLeselectin. However, incubation with

either 1-6850r DAPT (Fig 5.4 E and F) did not affect the band intensity. It needs to be taken
Ayi2 O2yaARSNIGAZ2Y GKIFIGO KAIKEe@ 02y OSyidN) (SR
run on a 16 % tricine gel. Gmivably, the band at 5 kDa could be a smeared band

reminiscing from the MP product at 8 kDa due to poor running of the lysate.

We have previously seen a nogproducible 13 kDa fragment ofdelectin in Molt3 T cells
that was cleared after inhibition ofAM 17 and -secretase (Fig 5.4 B and C), we
hypothesised that this band represents a ptrstnsnationallymodified form of the cleaved
L-selectin ICDl.initially hypothesised that th&3 kDa band represents a monoubiquitinated
ICD of tselectin. Monoubiquitination of cytosolic proteins allows entry to the nucleus
GKSNBE (GKS@& |OG a 3SYyS GNI'YyaONRLIGAZ2YIf FI OG2
Monoubiquitination of the kselectin ICD may inde trafficking to the nucleus. However,
ubiquitination of Lselectin may initiate degradation proteasome as seen for Notch (Oberg
et al2001; GuptaRossiet al. 2001, Fryeret al. 2004). Rapid degradation would verify the
nonreproducibility of the 13 kB fragment.However, proteomic analysis has only shown
one ubiquitin site at K78 in the ectodomain e$électin (Mertinset al. 2013) which could
suggest that the ICD is not monoubiquitinated after PS1 proteolysis of the MP product.
Further experiments wuld need to be performed to determine whether the ICD -of L
selectin is monoubiquitinated after proteolysiBCRactivated Molt3 T cells could be-co
transfected with nortagged Eselectin and HAagged ubiquitin, directly lysed in Laemmli
buffer and thenmcubated with antiHA magnetic beads to pull down ubiquitin. Western

blot analysis could then be performed to monitor detection of siagged Eselectin cleaved
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fragments using a C terminal CA21 antibody, which binds tieen@nal 8 amino acids of

the ICD

Rzeniewicetala K2 4 SR G KI 0 {n$hNlssleatinIOD Rre Hoth Nasphorylated
after cell activation (Rzeniewicet al. 2015).Potentially, this 13 kDa band cowdtso

represent a phosphorylated form of the cleaveddlectin ICDSDS irthe reducing buffer
disrupts the tertiary structure in proteins by breaking disulphide bonds generating linear
polypeptides. Subsequently, SDS evenly coats these linear polypeptides with a negative
charge allowing all proteins to have similar mass to ohaagios where the rate of

migration during electrophoresis is effectively determined by molecular weight. The
introduction negatively cidB SR LK 2 & LK | § S 3 NRadzlldantedefe withS NJu b Ly
SD$&protein interactions modifying the mass to changgio which would affect the rate of
migration for the cleaved ICD clarifying why the band is detected at a higher molecular
weight of 13 kDaTo determine whether the 13 kDa band represents a phosphorylated form
of the cleaved ICD ofdelectin, TCRctivated Molt3 T cells could be lysed in the presence of
a serine phosphatase inhibitor such as calyculin A (Haghal. 1997) to enrich this
fragmentfollowed by pull down using cobatbated dynabeads to bind the His tag ef L
selectin. Pulled down-gelectin would then be immunoblotted with an afghosphoserine

antibody to detect the phosphorylated cleaved fragments-stlectin.
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6. Mutatingl-selectin causing resistance to

Intramembrane proteolysis by PS1

6.1 Introduction

Previous chapters described intramembrane proteolysissdlectin and discussed
SPGARSYOS FTNRBY ! yy | 35S N&ekctifclearviiis inféctiab beti K & Of S
than noncleavable tselectin, leading to the hypothesis that this may be driven by the short

lived/ -secretase product described in this thesis (section 5.3).

In order to be able to address this hypothesis experimentally, | wanted to mutate potential
I-secretase site in the-$electin transmembrane sequence to generate mutants that resist
1 -secretase dependent proteolysis. These mutants can then later be used in virus clearance

assays to answer the question above.

Similar mutations have been describ®or other type | transmembrane proteins such as
Trop-2 where valine (Val) 286 to lysine (Lys) (V286K) mutations in theZTrop
transmembrane sequence cause loss df B&pendent cleavage (Stoyangeaal 2012)
and loss of function of Trep. Based on tis work, a similar point mutation was introduced
into the transmembrane region ofdelectin, where isoleucines (lle) 351352 were
mutated to Lyg1351K or I352K-¢electin). hypothesised that positively charged lysine
would induce electrostatic int@ictions with negatively charged phospholipids at the lipid
bilayer (Fig 6.1 A) In collaboration with Pierre Rizkallah (Cardifetsity)We also mutated
L £ $urgpigphan (Trp). Isoleucine contains a hydrocarbon side chain, in contrast,

tryptophan posess a blky indole ring (Fig 6.1 Blaidgued that the indole ring of yiptophan
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would sterically hinder the equally bulky benzyl group of neighbouring phenylalanine at
residue 350 changing the structure of the transmembrane regionsafléctin (Fig 6.1 C).
Change in structure of 1351K, 1352K or 13518¢lkectin potentially hides the PSkalage

site or disrupts enzyme substrate complexes. Additionally, this structural conformation
change may sterically hinderskelectin from entering the active site cleft of PS1 preventing

intramembrane proteolysis.
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Figure6.1: Model showing the structural changes ofdelectin mutants.(A) Introduction of
positively charged lysine at residue 351 or 352 in the transmembrane regiesetédtin

would repel the hydrophobic phospholipid tails of the lipid bilayer and interadt wit

negatively charged phospholipids heads at the surface of the membrane (shown in red box).
Consequently, the transmembrane region eddlectin changes structure burying the PS1
cleavage site causing resistance to intramembrane proteolysis. (B) Isoleocians a
hydrocarbon side chain. In contrast both tryptophan and phenylalanine contain large bulky
side chains. Specifically, phenylalanine possesses an indole ring and tryptophan comprises a
benzyl group. Side chains are illustrated in red boxes.H€)3b1W mutation would cause
phenylalanine and tryptophan to be positioned adjacent to one another at residues 350 and
351 respectively. The large bulky side chains of phenylalanine and tryptophan would
sterically hinder one another causing the structafehe transmembrane of-kelectin to

change. Change in structure would disrupt substrate enzyme complexes or psdven

selectin from entering the active site cleft of PS1 due to steric hindrance.
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6.1.1 Aim®fthe chapter

1 To generate a mutant of$electin resistant to intramembrane proteolysis by PS1
causing accumulation of the MP product and allowing future analysis of the role of

the PS1 product in viral clearance models.
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6.2 Generation of Molt3 T cells expressing V5 His 1352K

mutated L-selectin

| previously generated a pcDNAS plasmid containing 135Hekctin V5 His during my MRes
studies. A PCR was used to amplify the ind&g 6.2 Ayvhich was then cloned into a
linearizedpSxW plasmidFig 6.2 Blising the IAafusion cloring technique (Fig 3.4). A BamHI
restriction digest confirmed that the pSxW plasmid contained the insert |352#fectin V5

His at1281 bpwhich was absent in the oiirgal template plasmid (Fig 6.3 C

The plasmid was sent for sequencing, confirming thatI352K mutation has been

introduced.
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Figure6.2. Generation of Molt3 T cells stably expressing 1352&electin (A-C) The
production of a pSxW plasmid expressing DNA for V5 His I38&Kdtin. Lane 1 of all the
images represents the 1 kb plus DNA ladder (A) PCR amplification of V5 His$8&EHin.
Lane 2 shows PCR amplified V5 His 1352Helctin (1184 bp). (B) BamHI digest of pSxW
plasmid. Lane 2 shows BamHI digest of the pSxW plasigidaily expressing ZFNand

rCD2. BamHlI linearized the pSxW plasmid removinglZ&id rCD2. This generated a
linearized pSxW plasmid at 8942 bp. (C) Miniprep DNA isolated from carbenicillin selected
51l p h O2f2yASa (i NI3KASEIHRMSRIA wele digestédivihzBamH|
to confirm expression of the 1352Ksklectin insert. Lane 2 represents the original pSxW
plasmid digested with BamHI. Lane 3 represents pSxW plasmid containing the4352K L
selectin insert at 1173 bp. (D) Lentivirallyrtsaluced Molt3 T cells stably express high levels
of 1352K tselectin (red peak); there was no overlap with the isotype control (grey peak).
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Molt3 T cells were transduced with a pLentivirus preparation encoding 1352k ¢tin.
After 48 h post transductio, Molt3 T cells were analysed using flow cytometry analysis

which showed high levels of expression for I35&€lectin (Fig 6.2 D).
6.3 Determining if I352K-4electin is resistant to PS1

proteolysis

To ensure that I352kdelectin was expressed atdttell surface and susceptible to
ectodomain proteolysis by ADAM 17 following activation of the T cell receptor, flow
cytometry and ELISA were used to monitor cell surface expression and seidhkeiin
levels in media. Levels of proteolysis were coregatio WT Lselectin and the non
sheddablgaM-N mutant. 685 or DMSO treated Molt3 T cells expressing WT, I352Klor

N Lselectin were incubated using ar@D3/CD28 or IgG control dynabeads (Fig €£3.A
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Figure6.3: 1352K Lselectin does noshow resistance to PS1 proteolysig+-C) L685 or

5a{h GNBIFIGSR az2tio ¢ OSiNiselecrbneiNBcubated/with 2 ¢ X
anti-CD3/CD28 or IgG control dynabeads for 1 h. (D) The percentage expression of cell
surface kselectin was calculatefrom three independent experiments (n=3). (E) Histograms
show release of soluble (sielectin) based on the mean value of three independent
experiments, + SD, ** P <0.05, *** P <0.05. (F) A subset of T cells was used for western blot
analysis. (G and Histograms show levels of full length (G) or MP product (H) compared to
non-TCR stimulated Molt3 T cells based on the mean of three independent experiments
n=3, SD #, *P <0.05, **P <0.05. A amey ANOVA with podioc Tukey test was used for

statistical amlysis.
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Resting T cells showed similar levels of cell surface WM L-selectin. However,
expression of the 1352kdelectin was 50 % lower (Fig 6.3 A and D). Flow cytometry and
western blot analysis showed that levels of full length WT and I352kettin decreased

after TCR stimulation, regardless 685 treatment (Fig 6.3 B, C, D, F, G)-d@Rated T

cells also showed a 1.7 fold and 1.8 fold increase of releasselattin for WT and 1352K L
aSt SOGAY NFBaLISON Lsakrstiveas résBtardto proteolysis d@s@xpgctad (Fig
6.3 B, C, D, E, F, G). These results showed that |35&ctin was present at the cell

surface and cleaved by ADAM 17 in response to TCR activation.

To determine the amount of MP product produced westelot analysis was performed.

The MP product of WT and 1352sdlectin were detected in resting and Fa&®ivated T

cells. The MP product was not detected in lysates frdiaN L-selectin expressing cells
confirming its resistance to ectodomain proteoly@tg 6.3 F). Incubation of T@&ivated T
cells with 685 caused a Hbld and 6fold increase of MP product levels for WT and 1352K
L-selectin respectively (Fig 6.3 F and H). TCR stimulation therefore caused PS1 dependent
proteolysis of 1352K-gelectinwhich was inhibited by-685 leading to enrichment of the MP

product.
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6.4 Determining if I351W or 1351K mutateekelectin is

resistant to PS1 proteolysis

Based on our data in section 6.3, Pierre Rizkallah (Cardiff University) suggested nilgtating
atresidue 351to Trp (I351W);KS o0 dzf 1 @ &A RY ROKISA VX 0 AvBaMd NITw t 1K
cause a structural change in thesélectin transmembrane region due to sterical hindrance

between these amia acidsWel f & 2 Y dziitb iy$S(R51K)tdSteursing if positively

charged lysine at this position would show more resistance to PS1 proteolysis (Fig 6.4).
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Figure6.4: Structural models representing 1351W and 1351K mutatesilectin.(A)

Structural model for 1351W-&electin. Isoleuoe (in green) at residue 351 in the
transmembrane region of-telectin is mutated to tryptophan (in pink). The hydrocarbon

side group of isoleucine is replaced with a bulky indole ring which hypothetically causes
steric hindrance to neighbouring residu¢B) Structural model of 1351Ksklectin.

Isoleucine (in green) at residue 351 is mutated to lysine (in yellow and blue). Replacement of
hydrophobic isoleucine to a positively charged lysine likely repels the other hydrophobic
residues in the transmembraregion of kselectin and also the lipid bilayer (in blue)

causing structural changes. Change of structure at the transmembrane region of both 1351W
and 1351K iselectin likely hides the PS1 cleavage site causing resistance to intramembrane
proteolysis. Mdels were generated by Pierre Rizkallah (Cardiff University).
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Rosie Collings (PTY student, Cardiff University) performed site directed mutagenesis to
generate pcDNADS plasmids expressing V5 His I351W and 1351K mutatiedtin. Plasmids

were sent forsequencing, which confirmed that mutations were introduced correctly.

PS1 resistance of I351K and 1351 ¢¢lectin was tested in WT MEF cells. Transfected WT

MEF cells were incubated with DMSO 85 (Fig 6.5).
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Figure6.5: 1351WL-selectin shows resistance to PS1 proteolysis in MEF o@llsWT MEF
cells were transiently transfected with WT, I351W or 135H€lectinV5 His MEF cells were
incubated with DMSO or&85 for 1 h. (B) Histograms shows levels of MP product in DMSO
andL-685 treated MEF cells based on the mean value of three independent experiments
n=3, = SD, *P<0.05. A om&ty ANOVA with podioc Tukey test was used for statistical

analysis.
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Studies performed by Rosie Collings firstly showed that I8&{ectin expression was

below thedetection limit (Fig 6.5 A)sluggested that the I351K mutation caused structural
changes in4selectin likely resulting in lysosomal/proteasomal degradation. The MP product
of both WT and 1351W-¢electin were detecteih both DMSO and-685 treated MEF cells.
Two bands for full length-electin were also detected between 62 and 98 kDa68%

treated MEF cells expressing Wdlectin (Fig 6.5 A).

The MP product of WT-delectin increased 2-old after -685 treatnent in comparison to
the DMSO control. In contrast, the 1351W MP product was stable and levels were identical
in DMSO or4685 treated conditions (Fig 6.5 B). Therefore 1351%€lectin was resistant to

PS1 proteolysis.

Following transient transfection atysis the I351W mutant was shown to resistecretase
dependent proteolysis, thus I351Wsklectin virus was produced and Molt3 T cells was
transduced with virus for further analysis. V5 His 1351%€lectin DNA was inserted into a
pSxW plasmid using-fasion (Fig 3.4). Molt3 T cells stably expressing high levels of I351W L

selectin were generated by pLentiviral transduction as seen by flow cytometry (Fig 6.6 A).
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Figure 6.6: 1351W-kelectin shows resistance to PS1 proteolysis after EC&vation. (A)
Lentivirally transduced Molt3 T cells shows cell surface expression for both WT (in red) and
I351W Lselectin (in blue) which does not overlap with the isotype control (in grey). (B)
DMSO or DAPT treated Molt3 T cells stably expressing WT or 135&Mgtin were

incubated with antiCD3/CD28 or 1gG control dynabeads for 15 min. (C) Histograms shows
levels of MP product in DMSO an@é®&5 treated MEF cells based on the mean value of

three independent experiments n=3, + SD, *P<05neway ANOVA with podtoc Tukey

test was used for statistical analysis.
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DMSO or DAPT treated Molt3 T cells expressing WT or I35BElEdtin were incubated with
anti-CD3/CD28 or IgG control dynabeads for 15 min and directly lysed in Laemmli buffer and
analysed by western blattg. Full length{selectin at 50 to 64 kDa and the MP product at 8
kDa were detected (Fig 6.6 B). Levels for the MP product of-8élettin in TCRctivated T

cells increased 4-®ld after DAPT treatment (Fig 6.§.0n contrast, the MP product levels

of I351W Eselectin were stable. This result illustrated that 1351\&lectin was resistant to

PS1 proteolysis following TCR activation.
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6.5 Discussion

In this chapter, Aimed togenemte amutant of L-selectinthat was expressed at the cell

membrane and normally processed by ADAM 17, but resistant to PS1 dependent
LINPGS2fearad ' aAy3d aAidS RANBOUGSR Ydzil 3SySaaia
region of Eselectin to Lys (I351K or 1352K) and argued that positively charged Wi

bind negatively charged phospholipids in the lipid bilayer burying the PS1 cleavage site (Fig

chdPm ' 0P LfSwby 6Fa Ffaz2 YdzitGSR G2 ¢N1LJ 6Lopw
2F 020K ¢NlJwby YR ySA3IKO ddeMBothé resuking witha ¢ 2 dzf R
structural change in the transmembrane region eelectin(Fig 6.1 B)My data showed

that only I351WL-selectin generated the same level of resistance to PS1 protsoiybioth

transfected MEF (Fig §.8nd Molt3 T cell§Hg 6.6)as the pharmacological inhibitord35.

Together, thiO K I LJG SNJ A f f diditieNcangnSmbran&region disEl&timisy

important for PS1 proteolysis. Furthermore, mutating $ar-amino acid with a bulkier

side chain interrupts PSproteolysis by inducing structural changes in the transmembrane

region of Eselectin.

| initially mutatedL f $oilys §1352K) anargued that a positively charged residue in the
hydrophobic transmembrane region ofselectin would cause structurahanges burying

the PS1 cleavage site (Fig 6.1 A) and data confirmed that the 1352K mutation was expressed
at the cell surface and cleaved by ADAM 17 (Fig €3 iA response to TCR stimulation (Fig

6.3 F and H). However, MP product levels of I358&l&din increased &old in 1-685

treated TCRactivated T cells indicating that PS1 proteolysis was occurring (Fig 6.3 F and H).

This result showed that the 1352K mutation did not cause resistance to PS1 proteolysis.
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Expression of 1352Kdelectin was 50 % lawv in resting T cells when compared to WT and
NM-N L:selectin (Fig 6.3 A and D). However, amounts of releassdlsttin between WT
and 352K 4selectin were similar in both resting and F&divated conditions (Fig 6.3 E).
Potentially, 1352K-kelectinwas more susceptible to ADAM 17 proteolysis than BéTause
CaMA Y (G SNI Ol & 4 A inke ttabs®embrane regidef L-sefe@inatongside

[ S dautbesICD (Gifforcet al. 2012). kselectin/CaMcomplexes resist ectodonra
proteolysis by ADAM7L(Kahnet al. 1998; Giffordetal.2n M1 0 X | YR {0 K dizd X
Lys (I1352K) likely disrupts this interaction encouraging ADAM 17 protetigsigver, the
concentration of pLentivirus used to stably transduce Molt3 T cells with WT, I352¥{-Nr
L-selectin was not quantified. It is likely that Molt3 T cells were transduced with lower
concentrations of pLentivirus containing 1352Belectin in comparison to WT amdiA-N. In

future experiments, Molt3 T cells would need to be transduced with equalusts of

Y dzii |

guantified pLentivirus to ensure the MOI is normalized. Molt3 T cells expressing equal levels

of WT, 1352K andM-N L:selectin could then be stimulated with arfiD3/CD28 dynabeads
to solidify our initial argument that the 1352K mutation sensgiteselectin to ADAM 17
proteolysis. Additionally, WT, 1352K gmil-N L-selectin could be pulled down using cobalt
ion coated dynabeads and immunoblotted for CaM. This would determine whether the

352K mutation elevates ectodomain proteolysis by disrupimgractions with CaM.

Therefore, the mutation of I351K was generated, as the mutation wigside the E
selectin/CaMnteraction site. The mutant was analysed in WT MEF cells for ADAM 27 and
secretase dependent processing. Howetle expression level was below the detection
limit of western blot analysis (6.5 A). Membrane proteins use th®lbs as a stop transfer
signal sequence to orientate themsehiashe plasma membrane (Blohelt al. 1979).

Likely, structural changes ingliransmembrane region of 1351Kselectin either affects the
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stop transfer signal sequence preventing insertion in the plasma membrane or potentially,
mis-folded and aggregateddelectin would be degraded. Mislded, aggregated proteins

are ubiquitinatel and degraded by the autopbglysosomal pathway (Eskelingat al.

2009; Haraet al. 2006; Komatspet al. 2006). Potentially, 1351K and to a lesser extent 1352K
L-selectin are also degraded after transcription leading to reduced expression in traetsfect

cells.

Pierre Rizkallah (Cardiff UnideA G @ 0 & dz3 3 S & GoSTR (1351w) to Eohsérde thef S wb
hydrophobic mature of the transmembrane sequence-sklectin at this positionThe

odzf 1@ &ARS OKIAya 27 ¢ WNdwdistaically ynBer éh& angfterA 3 K 6 2 dzN
modulating the structure of the transmembrane region eddlectin. Our data shows that

I351W Lselectin was expressed at the cell membrane, showing increased cell surface

expression levels and importantly that the NbRoduct geneated in response to T cell

receptor activation showed increased stityi (Fig 6.5). Consequenthyhave generated a

construct of kselectin which potentially does not release an ICD after TCR stimulation.

Understanding how 1351Wdelectin is PS1 resat would allow us to learn how substrates
are proteolyzed by PS1. Hypothetically, a structural change in I35d&M¢ttin either
prevents entry into the PS1 active site, or buries the cleavage site abrogating proteolysis (Fig

6.7).
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Figure6.7: Two malels illustrating the mechanisms of I351Wskelectin resistance to PS1
proteolysis.(1) (A).TMDs6 and 7 form the active site 6fS1 (PS1). In resting T cells, the

active site of PS1 is in a closed configuration where hydrophobic domain VII (HDVII) is
positioned between TMD6 and 7. TMD9 of PS1 acts as a gate of the catalytic site, regulating
lateral migration of substrates. (B) After TCR stimulation PS1 induces endoproteolysis
removing HDVII from the PS1 active site. TCR stimulation also initiates eetiodom

proteolysis of tselectin, allowing the MP product to bind TMD9 of PS1. TMD9 then rotates,
which is governed by a proliranineleucine (PAL) motif, allowing entry of the MP product
totheacthl6 aAGS® o0/ 0 ! &Ll (presénfed agellan stars)snl TMB6 ahda LIw b 3
7 respectively cause PS1 proteolysis of the MP product releasing the intracellular domain
(ICD) to the cytoplasm. (2) (A) The isoleucine to tryptophan mutation of 1354 ttin

induces a structural conformational change at trensmembrane region of the MP

product. Consequently, TMD9 does not recognise the structure of the MP product and does
not shift. The MP product of I351Wsklectin does not enter the active site of PS1. (3) (A).
Alternatively, the TMD9 does recognise tin@nsmembrane region of 1351Wdelectin. (B)

The MP product of 1351Wdelectin enters the active site by lateral diffusion. (C) However,
structural changes due to the I351W mutation buries the PS1 cleavage site in the
transmembrane region of the MP pradt from Asp residues in TMD6 and 7 and
intramembrane proteolysis does not occufdlig et al. 2008; Satpet al. 2008; Fukumoriet

al. 2010).
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