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ABSTRACT

The secretory pathway of a eukaryotic cell exedsiagently regulated quality control
system for the correct folding and transport of lgesynthesised proteins and their
subsequent transfer to their final destinationsil&\this pathway has been mostly studied in
yeast, it has become increasingly clear that ati@mgain its function are the main causes of a
range of human disorders, and we are still in thegss of gathering knowledge of the
underlying molecular structures and mechanismietitsease-causing agents in order to
fully understand their impact. ERGIC-53, Erv41p &dip are all membrane anchored
proteins involved in the transport or processinglpoproteins, and form the main focus of
this thesis. We have used X-ray crystallographysandll-angle X-ray scattering, together
with complementary biophysical and biochemical radth to provide detailed descriptions
of these proteins.

The human glycoprotein transporter ERGIC-53 isaasjble for the export of specific cargo
proteins, which it binds in the endoplasmic reticnl(ER) and releases in the ER-Golgi
intermediate compartment whilst cycling betweentihe organelles. Association of
ERGIC-53 with the co-transporter MCFD?2 is requifedthe transport of a subset of cargo
proteins. ERGIC-53 is only able exert its functwanen present within the cell as a hexamer,
but the details regulating its oligomeric statesiiledebated, and the structure of the
hexameric protein remains unknown. We show thaoligemerisation of ERGIC-53 is
independent of disulfide-bond formation and, basedmall-angle X-ray scattering
experiments, propose two alternative shapes dasgtite structure of the soluble lumenal
part of the protein in its hexameric state.

Erv4lp is a glycoprotein transporter found in coemphith its homologue Erv46p in yeast,
and, similarly to ERGIC-53, the complex governsaRport of cargo proteins from the ER to
the Golgi apparatus, as well as the retrieval oapsd proteins back towards the ER. We
have determined the structure of the soluble dowiaitrv41p by X-ray crystallography, and
show that the protein is comprised of a twifieshndwich. With almost the entirety of the
concave face of Erv41p being negatively charges ctbuld be the site of interaction with its
cargo or another interaction partner.

One cargo protein that has recently been revealbd transported by the Erv41p/Erv46p-
complex is Ktr4p, a protein localised to the Galgparatus. Ktr4p is a member of a protein
family associated with glycoprotein processing. $tractures of the Ktr4p apo-protein and
its complex with GDP were determined by X-ray callegraphy and show that the protein is
comprised of a centrilsheet surrounded layhelices, and that it belongs to the GT-A fold
class of glycosyltransferases In addition, we Hawehemically characterised the protein's
function and show that it indeed possesses martrenssierase activity.
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1 INTRODUCTION

1.1 GENERAL INTRODUCTION

In the evolution from the prokaryotic to the eulaiy cell, several instrumental aspects of
life changed fundamentally, and one of the mosbitgmt was the development of
specialized organelles that perform dedicated fonstwithin the cell. These physiologically
separated compartments, each surrounded by semeable membranes that allow
communication between the cytosol and the orgamedlewell as direct communication
between the different organelles, provide an irserddevel of order in the eukaryotic cell and
give it the capacity to perform a range of commlelular processes simultaneously.

The nucleus was the first organelle to be discalidraving been first observed by Antonie
van Leeuwenhoek (1632 — 1723) in 1719, but it wag io the early 28 century, with the
advent of our understanding of chromosomes andlitgréhat its function became clear.
Around the same time, in 1910, Camillo Golgi fosserved what he termed tiikernal
reticular apparatusunder a light microscope. This organelle, whichasr commonly
referred to as the Golgi apparatus, is usuallytéatalose to the nucleus and in most
eukaryotes it consists of several cisternae, aor&taf connected, membrane-enclosed
compartments which appear as flattened disks atrele micrographs. The Endoplasmic
Reticulum was not identified until much later, affevelopment of the first electron
microscopes. In 1945, Keith R. Porter, Albert ClauBrody Meskers and Ernest R. Fullam,
using a magnification of 1600k, first observed amoek of membranes between the nucleus
and the Golgi apparatus, which they termste€tulum and which is now known as the
Endoplasmic Reticulum.

These three organelles have been studied and tdvésad extensively since their respective
discoveries, and an intricate functional and phatsionnectivity between them has become
evident. Together, they not only govern the corf@ding of proteins by providing a suitable
environment, but also provide crucial enzymes &g post-translational modifications,
and a means of transporting the newly synthesissidips to their final destinations. This
organised system for the maturation, sorting aamktvort of newly-synthesised proteins is
known as the secretory pathway.

The importance of the secretory pathway in the huosdl is emphasised by the fact that
several diseases are associated with failuregifotting and transport of proteins, such as
different types of cancers and combined deficiesfdylood coagulation factors V and VIII.
Research conducted in the past few decades hafgcsigtily improved our understanding of
the molecular mechanisms causing these disease®udn in order to pinpoint the exact
root of the aberrant molecular behaviour, everyg sfehe pathway, and in particular each of
the disease-causing proteins, must be studiedail dethe molecular level.

In this thesis we have applied X-ray crystallogsafgdgether with biochemical and
biophysical methods to characterise several diftgueoteins involved in protein transport in



the early secretory pathway: ERGIC-53 is, togetVidr its interaction parther MCFD2,
responsible for the secretion of the blood clotpngteins factor V and VIII, and a number of
other proteins. Erv41p has been shown to travel tiee ER to the Golgi in vesicles, and has
also been implicated in protein transport. Lastly4p is involved in the glycosylation of
secreted proteins. With these studies we hopevie fi@vided new insights into the
structures and functions of the proteins themselwasalso to have contributed towards a
greater understanding of protein transport in Hré/esecretory pathway.

1.2 THE EARLY SECRETORY PATHWAY

The secretory pathway — sometimes also calleddbeytotic pathway - consists of several
physiologically separated compartments, each oflvprovides a unique environment that is
required for the correct folding, sorting, and pinahslational modification of a newly
synthesised protein. Recent estimates show that altbird of all synthesised proteins travel
through the secretory pathway (Stolz & Wolf, 20Hd)d these are collectively referred to as
secretory cargo proteins. After synthesis of tluégans on the surface of the ER, they are
folded, receive post-translational modificationsd are sorted into different compartments.
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Figure 1: A schematic representation of the componentseo$étretory pathway. 1: Nucleus, 2: rough ER, 3:
smooth ER, 4: ER exit sites; 5: COPII-coated vesié! COPI-coated vesicle, 7: ERGIC, 8: cis-Gokginork,

9: median Golgi-network, 10: trans-Golgi network; &#ndosome, 12: lysosome, 13: clathrin-coated:leesi
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While some proteins reside in the ER, others ekitvesicles and commence an anterograde
journey along the secretory pathway towards the3eRyi Intermediate Compartment
(ERGIC), the Golgi apparatus and ultimately lysossrar secretory vesicles leading to the
plasma membrane or the extracellular space (fijur€he transport of proteins between the
different organelles of the secretory pathway isated by vesicles that bud off from the
membrane loaded with cargo molecules and travedrdswthe target compartment, where,
after fusion of the vesicle with the target membrahe cargo is released. The formation and
directionality of the vesicles is mediated by theiat proteins: COPI, COPII and clathrin
each are responsible for the sorting of vesiclesiabus stages of the secretory pathway. The
secretory pathway is directly linked to the endotigtpathway, which allows for protein and
nutrient uptake into the cella endosomes budding from the plasma membrane.

The secretory pathway is a very dynamic systemhwsi@ble to respond to the varying tasks
posed to cells in different environments and, &b st has the capability of rapidly
increasing or decreasing the protein turnover awegrto the cell's demands (Kondyks al,
20009).

1.2.1 The Endoplasmic Reticulum

The endoplasmic reticulum was first observed in51@4 the advancement of the electron
microscope allowed for greater sample magnificatiamd it was described as a “lace-like
reticulum” by Porteet al (Porteret al, 1945). Later, this structure was termed the
endoplasmic reticulum, a term derived from the waddon (grévdov, inner, within),

plasma (gr/iidoua, something formed) and reticulum (lat. network).c8iits discovery, the
ER has been studied in detail and observed in alevesy cell type, although it is notably
absent in erythrocytes and spermatozoa. In cedlstyyith a high protein turnover, such as
pancreatic exocrine cells, the ER can take up ampajytion of the cells volume.
Functionally, the ER is responsible for foldingsetcretory proteins, quality control and post-
translational modifications, as well as proteirtiagr In addition, it is the organelle where the
synthesis of fatty acids, the major componentsafivranes, and steroid hormones takes
place. Furthermore, the ER acts as a storage ctmggarfor calcium ions, which serve a
central function in signal transduction. The fre&'@oncentration in the ER has been
measured at 0.5 — 1 mM, with another 1 — 5 mM bdargtoteins (Bygrave & Benedetti,
1996), compared to nanomolar concentrations iytesol. In this sense, the ER is therefore
topologically similar to the extracellular spacdiene the free Gaconcentration is in the

low millimolar range (Clapham, 2007).



1.2.2 The ER-Golgi Intermediate Compartment

As its name implies, the ER-Golgi intermediate carmtmpent (ERGIC) is situated between
the ER and Golgi apparatus. It is a highly dynactister of vesicles emerging from the ER
and assembling into loosely connected tubular tstres, and is therefore also referred to as
vesiculotubular clusters (VTC). First described @84 (Saraste & Kuismanen, 1984), its
existence was debated until a specific marketferBERGIC was discovered in 1988
(Schweizert al, 1988). The presence of this marker, a protdiec@53, was later also
confirmed by the identification of its rat homol@agunow called p58/ERGIC-53 (Saraste

al., 1987; Lahtineret al, 1992). Today, the ERGIC is recognised as aosiaty site for the
anterograde and retrograde sorting of proteindRftd=Golgi traffic (Appenzeller-Herzog &
Hauri, 2006) and has been shown to differ biochaltyiérom both the ER and the Golgi
apparatus, specifically in its pH and calcium corniaion. While the exact pH value of the
ERGIC has so far not been determined, it is estichat lie between the values encountered
within the ER (pH 7.1 — 7.4) and the Golgi appadpH 5.9 — 6.3) (Paroutet al, 2004).

The linear decrease of the pH value from the EfRédGolgi apparatus stands in contrast
with the calcium concentration in each compartméné calcium concentrations within both
the ER and Golgi apparatus have been determineel telatively high (0.5 — 1 mM),
whereas the concentration within the ERGIC wasvbéh® detection limit (Pezzagi al,
1997). It is now believed that these physiologaieierences along the early secretory
pathway provide a means for the sorting of prot@nsnward transport towards the Golgi
apparatus or retrieval back towards the ER.

1.2.3 The Golgi Apparatus

Camillo Golgi was the first to observe a basket-litetwork surrounding the nucleus in
Purkinje cells in 1898 and he called it the “apparaticolare interno”, or internal reticular
apparatus. Today, this organelle is referred th@$olgi apparatus. Until the 1960's, his
description of the Golgi apparatus remained healglyated, and the function of the proposed
organelle remained obscure. As was the case véthititovery of the ER, it was the
development of electron microscopy methods, togetiit autoradiography, which put the
debate to rest. The Golgi apparatus serves twe hasitions: it is the host organelle for
further glycosylation of proteins, and it servesasther sorting hub for proteins travelling
along the secretory pathway, directing them eittheng the anterograde direction towards
the plasma membrane, or along the retrograde pgitback towards the ER. The Golgi is
comprised of several tightly stacked cisternae Wwhive an inherent directionality, tbis-
side which faces the ER and transiently fuses véticles arriving from the ERGIC, the
medial Golgi, and theans-side which faces the plasma membrane. It is istdlale

organelle, but rather exhibits a continuous flupaftein-loaded vesicles from this-Golgi
network (CGN) towards thieansGolgi network (TGN). The exact manner in whichtpios
traverse the cisternae, be it vesicular transpertolation, or cisternal progression, is to this
day still controversial (Pelham & Rothman, 2000t€taonet al, 2008). In addition to



anterograde and retrograde protein sorting, thgi@gplparatus is responsible for O-linked
glycosylation and extensive remodelling of the breed N-linked glycan, which proteins
receive in the ER. The complexity and diversityref final products are vast; the glycans are
often branched and can be comprised of more thars@far molecules, which, in addition,
are potentially modified with phosphate, sulfatstate, or phosphorylcholine (Stanley,
2011). Finally, after this extensive posttranskaigorocessing, secretory proteins exit the
Golgi at the TGN and continue their journey to thigial destinations.

1.3 PROTEIN TRANSLATION, FOLDING AND SORTING

All nascent proteins destined to enter the segretathway are guided towards the ERa
16-30 amino acid long signal sequence at theirrhiteus (Blobel & Dobberstein, 1975).
This sequence often contains a stretch of hydraplahino acids in its centre which, during
its synthesis, is recognised by the signal recmgniarticle (SRP), a ribonucleoprotein,
leading the translating ribosome to the SRP-recéptated on the surface of the rough
endoplasmic reticulum (Akopiaet al, 2013). The signal peptide is subsequently tomaséd
into the ER membrane through a complex of proteutsch is generally referred to as the
translocon (Denkst al, 2014).

Within the ER lumen, the hydrophobic regions of tlascent peptide are often recognised
and bound by proteins of the hsp70 and hsp40 fesnivhich help to prevent the growing
protein chain from uncontrolled aggregation andeiad assist in protein folding (Ellgaard &
Helenius, 2003). Additionally, the branched cotigadaccharide GlcNAManGlus is
covalently attached to the majority of proteinagptaragine residues within the consensus
sequence -NXS/T-, where X is any amino acid expegine (Gavel & von Heijne, 1990).
This reaction is performed by a membrane protempiex called oligosaccharyltransferase
(OST) (Mohorkoet al, 2011), and the attachment of the branched glgtsmhelps prevent
aggregation of the folding-intermediates. The glyftathermore acts as a maturation signal
during the ensuing cyclic folding process. The ghidases | and 1l sequentially trim the
oligosaccharide of its terminal glucose moietigsdpcing GlIcNAgManyGlu; (Grinna &
Robbins, 1980), which is a substrate for the traamhbrane protein calnexin (CNX) and its
soluble paralog calreticulin (CRT) (Heleniesal, 1997). The folding intermediates also
associate with the protein disulfide-isomerase Erpiich aids in the formation of
intramolecular disulfide bondsia calnexin and calreticulin. During multiple rounds o
association and dissociation from calnexin ancetialrlin, the protein undergoes attempts to
fold into its native structure and if the procegsceeds, glucosidase Il removes the last of the
three glucose moieties, which allows the foldedginoto exit the ER. In contrast, non-
natively folded proteins are recognised and reagylated by the UDP-glucose:glycoprotein
glycosyltransferase (UGGT), which again allowsriatéion with calnexin/calreticulin
(Parodi, 2000). This cycle continues until the piisucceeds in achieving its native state, or,
if it fails to do so, is targeted for ER-associatiegradation.
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Figure 2: Schematic overview of the glycoprotein foldinglpaay. For clarity, calnexin has been omitted from
the figure.

In this processy-1,2-mannosidase | removes one terminal mannosetyrfoom the
branched oligosaccharide, producing Glcharg (Tremblay & Herscovics, 1999), which
interacts with the ER-degradation-enhacing 1,2-rositlase (EDEM) (Kanehas al,

2007). This enzyme is thought to remove the terhyimaisfolded protein from the
calnexin/calreticulin cycle and to direct it, withe help of XTP-3B, OS-9, SelllL and Hrd1,
towards the retrotranslocation channel (Gaaisd, 2011). The retrotranslocation channel
exports the protein through the ER membrane irgajiosol, where it is poly-
ubiquitinylated and degraded by the proteasomar¢i@). The process of ER associated
degradation (ERAD) is still very poorly understoadd the nature of the retrotranslocation
channel is heavily debated (Nakatsukasa & Brod2B§98; Hampton & Sommer, 2012).
Overall, these complex processes protect theroefl Accumulating misfolded and
dysfunctional proteins.
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1.3.1 Protein Exit from the ER along the Secretory Pathway

After the functional integrity of a newly synthesisprotein is established, it is sorted from
ER resident proteins and moved to ER exit site 5§ ERBudnik & Stephens, 2009), which
are highly curved parts of the smooth ER (Okanedtal, 2012). Even though the ERES are
clearly distinguishable on electron micrographsnfBéhet al, 1996), it remains unknown
how their composition differs from other parts lné tER. The distinction of the ERES from
the rest of the ER, however, serves a crucial fongh protein sorting. This distinction may
be established by the retention of incorrectly édighroteins to other sites of the K their
binding to chaperones. Additionally, numerous caegeptors, responsible for the
recognition and transport of proteins approvedERrexit, are present at the ER exit sites,
and they might provide another selective barriethie ER exit of folding-intermediates by
being incapable of binding proteins that are unfirelease. A third mechanism to uphold
the integrity of the secretory pathway might bephevention of protein aggregates being
packed into budding vesicles. The vesicles are#jiyionly ~50 nm in diameter, which
would likely inhibit the exit of very large proteaggregates from the ER.

Following their localisation to the ERES, secretprgteins are packed into COPII-coated
vesicles. The COPII-coat (COP refers to_the caatepr complex) consists of an inner layer,
which is comprised of the Sec23-Sec24 heterodiraeryited to the ER-membrane by the
small GTPase Sarl, and an outer layer, compriséeedieterotrimeric Sec13-Sec31
complex (Jensen & Schekman, 2011). The fissiohefXOPII-coated extrusion from the
ER-membrane to form an intact vesicle appears golberned by the Sec13-Sec31 complex
(Matsuokaet al, 1998). At the target membrane, the force enghlie fusion of the vesicle
with the membrane is exerted by SNARE and SM (34ui¢18-like) proteins (Studhof &
Rothman, 2009).

1.3.2 Protein Sorting

The balance between anterograde and retrogradgevraiffic maintains the integrity of the
different organelles in the early secretory pathwath by keeping the membranes of the
organelles intact, as well as by retrieving prcteirat have escaped from the ER. While
anterograde vesicle traffic is governed by COPHted vesicles, retrograde traffic is
maintained by COPI-coated vesicles. Soluble ERdegdiproteins generally contain a C-
terminal ER-retention signal (KDEL in humans, HDiBLyeast), andyia the interaction of
the signals with the COPI-associated KDEL-receptanes retrotranslocated towards the ER
in the case of escape (Munro & Pelham, 1987; Pelitaah 1988). The transport of
membrane-anchored proteins is guided by their NG-terminal sorting sequences; a di-basic
(KK, RR) moatif interacts directly with COPI andtisereby retrieved to the ER (Jacksin
al., 1990), while proteins containing a more divetisacidic (e.g. YENE, DID) or di-
hydrophobic (e.g. FF, LL, YL, FY) motif are sortexithe ERGIC and Golgi apparatia
CORPII vesicles (Barlowe, 2003).



1.4 TRANSPORT RECEPTORS AND THEIR CARGO

The active shuttling of soluble proteins within G@¢ated vesicles requires the mediation of
the interaction of the cargo to the COP-coattransmembrane receptors. A growing number
of these transport receptors, as well as theirifspeargo molecules, have been identified
over the course of the last two decades (tableuttheir cargo recognition processes remain
poorly understood in many cases. Most of the eaolk on the identification and cargo
specificity of transport proteins was performedhe yeass. cerevisiacand major
contributions to this research area are providethéyvork performed in the laboratories of
C. Barlowe and H.-P. Hauri.

Receptor Species Cargo Reference
M ultispanning transmembrane r eceptors
Erv29y yeas gpaf, CPY, Pr# (Belden & Barlowe, 2001

Caldwellet al, 2001; Otte &
Barlowe, 2004)

Erv26p yeast P-ALP, Ktr3p (Bust al, 2006; Bue & Barlowe,
2009)
Erv14g yeas AxI2p, Smaz2 (Powers & Barlowe, 200z
Nakanishiet al, 2007)
KDEL receptor mammals -KDEL sequence (Munro & Peih&987)
Protein cornichon homoloc  mammal.  GPCF (Sauvagee et al., 2019
p24 proteins
Emp24-Erv25¢ yeas Gaslp, Sucz (Muhiz et al., 2000)
ER vesicle proteins
Erv41p/Erv46p yeast Ktrdp, Gls1, Fpr2 (Nodaet al, 2014; Shibuyat al,
2015)
ERGIC1/ERGIC2/ERGIC mammal: unknowr
L-type lectins
Emp46p/Emp47 yeas Sspl2 (Margulis et al., 201%)
ERGIC-53/MCFD2 mammals FV, FVIII, catC, catZ, see text
A1AT, IgM, Mac2-bp,
nicastrin, FGFR3,
SUMF1
ERGL mammals  unknown
VIP-36 mammals unknown
VIPL mammal  unknowr

Table 1: Protein sorting receptors of the early secretotlpyay and their cargo proteins.

One of the first transport receptors to be idesdiin yeast was the conserved, multispanning
transmembrane receptor Erv29p, which has beertésioleom COPII-coated vesicles and
found to be directly required for the export ofuanber of cargo proteins from the ER to the
Golgi apparatus (Belden & Barlowe, 2001). Followthis discovery, Erv26p and Erv14p
were identified. Erv26p is non-essential, but & baen found to cycle between the ER and
the Golgi apparatus and to interact with the pnsteif the COPIl-complex (Bue & Barlowe,
2009). Similarly, Erv14p has been shown to cyclevben the ER and Golgi, but this protein
is involved in the packaging of cargo into COPIktax vsicles (Powers & Barlowe, 2002).

The members of the p24 protein family are type inbene proteins with a lumenal GOLD
(Golgi dynamics) domain, a transmembrane helix@drminal tail containing binding



motifs to COPI and COPII proteins (Fiedidral, 1996). They are highly conserved from
yeast to mammals and were first identified as aaonhdonstituents of COPI and COPII-
coated vesicles (Stamnesal, 1995), and shortly after their discovery thelerin protein
transport and sorting was established (Schimmétlat, 1995). As a knock-out of all eight
family members in the yeaSt cerevisiashowed no visible difference in protein transport
(Springeret al, 2000), the precise role of these proteins reethpuzzling for a substantial
period of time and it was only more than a decdide their discovery that their function as
receptors for glycophosphatidylinositol (GPI)-anatbproteins was revealed (Takiekal,
2008).

In humans, the ERGIC family is comprised of foumnbers, namely ERGIC-53, ERGL
(ERGIC-53 like), VIP-36 and VIPL (VIP-36 like). Afbur members of the family are type |
transmembrane proteins comprised of an N-termimaéhal part, one transmembrane helix
and a short, C-terminal tail exposed to the cywplaOn the lumenal side they all contain a
carbohydrate recognition domain (CRD) belonginth®oclass of L-type lectins, which is
defined by the structural similarities and the glydinding abilities of its members.
Structurally, the CRD consists offassandwich structure with a concave and a convegtshe
and two conserved metal-ion binding sites proxitndhe carbohydrate binding site. The
members of this family of L-type lectins bind theargo proteins by recognising high-
mannose carbohydrates, but in some casgsrotein-protein interactions as well
(Appenzelleret al, 1999; Carrieret al, 1999; Satolet al, 2007).

1.41 ERGIC-53

In 1988, Schweizeet al produced an antibody with the goal of specificidbelling a
tubulovesicular compartment near theside of the Golgi apparatus of a human intestinal
cell line, and were able to show that this monoal@mtibody bound to a specific membrane
protein of 53 kDa (Schweizet al, 1988). Independently, Saraste and co-workerdifoel

a protein of 58 kDa by a similar approach, namglyhie generation of polyclonal antibodies
against a fraction of the Golgi apparatus of raicpeas cells (Saraste al, 1987).
Furthermore, a third group isolated an intracellplatein in search for lectins by mannose-
column chromatography (Pimpanestial, 1991). It was later revealed that these thredyne
identified proteins were in fact the same proteihich is now termed ERGIC-53 or, less
commonly, LMAN1 (Araret al, 1995; Itinet al, 1996).

The discovery of ERGIC-53 was therefore a key faftinthe identification of the ER-Golgi
intermediate compartment (ERGIC), and this is wiitseemost abundant. It is also found,
albeit in lower abundance, at ER exit sites (ER&E$) in the firstis-cisternae of the Golgi
apparatus (Schweizet al, 1988; Chavrieet al, 1990; Klumpermaset al, 1998), where it

is associated with COPIl and COPI proteins (Tisealkal, 1997; Wendeleet al, 2007).

Since its discovery, ERGIC-53 has been extensivetyl to study the transport routes of the
early secretory pathway.



ERGIC-53 is now known to be a non-glycosylated tyjmeegral membrane protein, which
assembles into homodimers and homohexamers imradiditer its synthesis (Schweizetr
al., 1988; Lahtineret al, 1992). Sequence comparisons have revealed ttattains a
lumenal domain resembling the carbohydrate reciognitomain (CRD) of plant leguminous
lectins (Fiedler & Simons, 1994) at its N-terminAs. oligomerisation domain is located to
the C-terminus of the CRD, and this has been pegptsbe instrumental for the
oligomerisation of the protein (Lahtinem al, 1999; Zhangt al, 2006; Zhenget al, 2010).
The oligomerisation domain is followed by a shikér, connecting the protein to the ER
membrane, which contains two cysteine residues-46¢sand Cys-475). On its cytosolic
side, a short tail with the very C-terminal KKFF tihcontains information for the recycling
of the protein.

The CRD is the best characterised part of ERGIGaA8,its modes of carbohydrate
recognition and release are well understood. Affieffirst crystal structure of the CRD from
the rat protein had been determined (Vellesal, 2002), it became clear that the domain
contains two C&-binding sites (Velloset al, 2003) and a large carbohydrate binding site
able to accommodate complex glycans (Zheinal, 2013; Satolet al, 2014). It was
therefore hypothesised that ERGIC-53 functions glg@protein receptor involved in the
export of glycoproteins from the ER. The discoviéagt the correct localisation of the thiol-
proteases Cathepsin C and Cathepsin Z to the lyssdepends on ERGIC-53
(Vollenweideret al, 1998) further strengthened the hypothesis. Simee, an additional,
albeit small, number of proteins dependent on ER&3@or their ER export have been
identified. Most prominently, the blood coagulatfactors FV and FVIII rely on ERGIC-53
for their secretion from the cell (Nichads al, 1998), and a disruption of their interaction
with the transport receptor leads to the bleediagrder F5F8D (combined deficiency of
factors FV and FVIII). Patients suffering from thiisorder exhibit a concentration of the
blood coagulation factors in the blood stream ihanly 5 — 30% of the level in healthy
patients. The other, thus far identified, cargdgins of ERGIC-53 are the serine protease
inhibitor a1-antitrypsin (Nyfeleet al, 2008b), the antibody IgM (Mattiodt al, 2006;
Cortini & Sitia, 2010), the galectin binding pratéMac2-bp (Chemrt al, 2013), nicastrin, a
component of thg-secretase complex (Morags$ al, 2006), the fibroblast growth factor
receptor FGFR3 (Lieveret al, 2008), and the sulfatase modifying factor | [gfrat al,
2008).

The interaction of the ERGIC-53 CRD with the N-kukglycans of the cargo molecules
depends on two factors, namely thé'@mncentration and the pH of the local environment.
While glycan binding is promoted at a slightly lsasH and at a high Gaconcentration, as

it is the case within the ER, substrate releasigigered by a slightly acidic pH and a lower
C&*-concentration, an environment provided by the ER@igure 3a) (Appenzeller-Herzog
et al, 2004).

While the CRD of ERGIC-53 has been studied in tleta oligomerisation domain of the
protein is less well described at present and tiseseme confusion over the mechanism of
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oligomerisation. Two studies have shown that twateipe residues present in the
membrane-proximal linker region mediate the oligasation of the protein (Appenzellet

al., 1999; Lahtineret al, 1999), but a different study contradicts thairal (Neveet al,

2005). As the hexamerisation of ERGIC-53 is a pyeisste for its function (Nufeet al,

2003), further insights into the structure andanigrisation properties of this domain are
needed in order to better understand the roldseobligomeric states of ERGIC-53 in protein
transport.

A B

ER ERGIC

Figure 3: (a) Schematic overview of protein transport facilithiyy ERGIC-53. The GlcNA®/ang glycan of
correctly folded proteins is recognised by hexamERGIC-53 in a Cd-dependent manner and the multi-
protein complex is packed into COPII-coated vesidieER exit sites. After fission from the ER, thesicle is
transported to the ERGIC where the two membrarefused. The lower Gaconcentration within the
ERGIC triggers the release of the cargo molecdmfERGIC-53, which is subsequently recycled toERe
via COPI-coated vesicleg) The crystal structure of the ERGIC-53 CRD (maggim@omplex with
MCFD2 (grey). Calcium-ions are coloured in violetdahe carbohydrate recognition site is indicatgdub
arrow (Wigrenet al, 2010).

1.4.2 MCFD2

A connection between ERGIC-53 and MCFD2 was filstalered in 2003, when Zhaeg

al. identified MCFD2 as a second agent causing F5&Bianget al, 2003). They
discovered that mutations in the protein led th@nptype which was indistinguishable from
the one caused by mutations in ERGIC-53, suggestooyld be acting as a co-transporter
for these cargo proteins. It was then shown th&tl@rD2 knock-down resulted in no
adverse effect on the localisation of Cathepsim€24 indicating that MCFD2 is disposable
for their transport along the secretory pathwayféy et al, 2006). It was only in 2013 that
another protein whose secretion depends on MCFDZhas ERGIC-53, namely the Mac2
binding protein, was discovered by a protein fraghoemplementation assay (Chetral,
2013).
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In studies designed to investigate whether ERGI@EBMCFD2 require each other for
correct localisation in the cell, sSiRNA-based knalckvn experiments showed that the
absence of ERGIC-53 led to the secretion of MCRid&reas a knock-down of MCFD2 had
no effect on the localisation of ERGIC-53 (Nyfedtral, 2006). This result, together with the
fact that MCFD2 contains no C-terminal KDEL retaésgignal, lead to the conclusion that
the correct localisation of MCFD2 is dependenttemnteraction with ERGIC-53.

MCFD?2 is a soluble, 14 kDa protein found in the &Rl ERGIC. The structure of MCFD2
has been determined by NMR and it revealed thatewhe protein is intrinsically
disordered, it partially folds upon the incorpavatof two calcium ions into the two calcium-
binding EF-hand motifs at its C-terminus. The N¥t#us, however, remains disordered even
in the C&*-bound state (Gugt al, 2008), and the function of this disordered Nrieal

region is not currently known. The C-terminal EFRti@omains mediate the interaction with
the ERGIC-53 CRD, and the crystal structure ofdtgered region of MCFDZ2 in complex
with the ERGIC-53 CRD has been determined (Nigtial, 2010; Wigreret al, 2010).
MCFD2 binds to the ERGIC-53 CRD at a site oppdsiténe carbohydrate recognition site
(figure 3b), and the study also showed that moEBEBcausing mutations lie at the interface
of the two proteins, suggesting that a disruptibthe protein complex is responsible for the
reduced plasma concentrations of the two coagulégictors.

1.4.3 The ER Vesicle Protein Complex Erv41p/Erv46p

While a great deal is already known about the ®0IERGIC-53 as a glycoprotein transport
receptor, comparatively little was known aboutdliger main target of this thesis, the
Erv41p/Erv46p complex, when the study was initiated?001, Otteet al first described the
Erv41p/Erv46p protein complex in yeast. By perfargna reconstituted COPII vesicle
budding assay, aiming at the identification of nqureteins of the early secretory pathway,
combined with mass-spectrometry experiments, bothlp and Erv46p were identified, and
they were named based on their cellular localisaitd apparent mass. Further experiments
determined that the two proteins are conservedsaapecies, that they co-localise to the ER
and Golgi apparatus and that they are presentnatitiei cell as a protein-protein complex.
Knock-out experiments showed that their expresiseels in yeast are interdependent, and
that yeast cells lacking either protein are vidhlesusceptible to cold-shock. Further, cell-
free, experiments suggested that the protein conipiavolved in membrane fusion (O&e
al., 2001). It is now however suspected that thisatfs caused by indirect consequences of
the double knock-out mutants (Shibwstaal, 2015).

Since their initial discovery, the protein comptmnsisting of Erv41p and Erv46p has been
investigated more thoroughly. Both proteins aregral membrane proteins, consisting of a
large, lumenal domain flanked by one transmembiatig on each side and short
cytoplasmic tails. While both Erv41p and Erv46ptaama di-hydrophobic sorting motif, IL
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and FT respectively, for the anterograde trandpamt the ER to the Golgi apparatus, only
Erv46p contains a di-acidic KKXX motif signallingrfthe retrieval of the protein from the
Golgi apparatus to the ER (Otte & Barlowe, 2002).

The function of the Erv41p/Erv46p protein complexsvinitially not well understood, and
suggestions ranged from an involvement in therspuf proteins into transport vesicles, to a
role in the retention and/or retrieval of transpuéchinery to the early secretory pathway, a
role in the transport of lipids or, finally, a ralethe posttranslational maturation of secretory
proteins such as protein folding or glycosylati@tté et al, 2001). It was only in 2014 that
Nodaet al first showed by domain-switching experiments thatER-exit of the putative
mannosyltransferase Ktr4p relied directly on thedEp/Erv46p complex, thereby

confirming a role for the complex in protein sogtifiNodaet al, 2014). Since then, another
study has identified the Erv41p/Erv46p protein clamg@s a new retrograde receptor for the
retrieval of non-HDEL bearing ER-resident proteias/41p/Erv46p double knock-out
strains led to the secretion or mislocalisatiothefMannosyl-oligosaccharide glucosidase
GIsl and the Peptidyl-prolgis-transisomerase Fpr2, two ER-resident proteins (Shilaiya
al., 2015). Moreover, this study showed that therawtitons between the Erv41p/Erv46p
complex and GIs1 are regulated by pH. The inteyags strong in the slightly acidic
environment provided by the Golgi apparatus andtaumially weaker at the slightly basic
pH provided by the ER. The conclusion drawn froe¢bmbination of these experiments is
therefore that the Erv41p/Erv46p complex binds gsdd&R-resident proteins within the
Golgi apparatus and retrieves them to the ER, wiheneare released.

In humans, homologous proteins of Erv41p and Ene#pbe found as members of a three-
component protein complex consisting of ERGIC1, BERZGand ERGIC3. While Erv41p

and Erv46p share 30% and 41% sequence identityBRBIC2 and ERGIC3, respectively,
ERGIC-1 lacks a homologous protein in yeast. ERGRdres the domain topology of the
other members of the complex, and interacts dyredgth ERGIC3 (Breuzat al, 2004) but

is mainly localised to the ERGIC. While the humaot@ins are much less well characterised,
studies have suggested an involvement of all ghreteins in different types of cancer. The
ERGIC1gene has been shown to be highly expressed itafgasncer tissue and suggested
to be a potential drug target (Vairebal, 2012), theeRGIC2gene has been found to
upregulate interferofi-in a prostate cancer cell line (Kwekal, 2006), and thERGIC3

gene has been suggested as a potential biomarkenépcancer (Liret al, 2015).

1.4.4 Ktrdp, a Cargo of the Erv41lp/Erv46p Complex

The first protein to be identified as cargo of Er@41p/Erv46p complex was the putative
glycosyltransferase Ktr4p, a member of the Kre2MMamily of inS. cerevisiaeOur
knowledge of this family of proteins dates back®91, when Hillet al first cloned and
sequenced th€RE2gene from the yea& cerevisia@nd found that it shares significant
sequence identity with two previously identifiedigins, termed KTR1 and Yurlp, and the
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common domain topology consistent with type || megmnie proteins, in concert with the
location of the most conserved regions, suggestethted function. The three proteins were
therefore classified as a family (Hdt al, 1992), and since their first classification, six
additional proteins have been identified as membiettse Kre2/Mnt1-family.

The enzymatic activities of six members of the fgrhave been studied, and, while five have
been shown to possess glycosyltransferase activig/enzyme, namely Ktr6p, has been
shown to instead have mannosylphosphate transfectisity (Wanget al, 1997; Jigami &
Odani, 1999). Kre2/Mntl is the best characterisethiver of the family. It catalyses the
addition of the second and thigell,2-linked mannose residues in linear O-linked
oligosaccharides, and has also been shown to biv&dvin the synthesis of the outer chains
of N-linked oligosaccharides (Hidlt al, 1992; Lussieet al, 1996, 1997). A crystal structure
of the lumenal, catalytically active, domain of RfeIntl has also been determined, and the
structure shows the lumenal domain to be compo$edsingle, Rossmann-fold-type

domain with an adjacent second domain/@fstructure, and thus to belong to the GT-A fold
family of glycosyltransferases, rather than the Bfbld family which has two, less tightly-
packed, Rossmann-like domains with the activeisigecleft between them (Lobsanetal,
2004).

When initiating our studies, the knowledge of Ktigs very limited in comparison to Kre2.
Sequence alignments showed that it exhibits a 8@iity to Kre2p/Mntlp , with the
residues constituting the active site, includingsthresponsible for the binding of the GDP-
nucleotide and the Mition, being largely conserved. This comparisonliespthat the
function of Ktr4p is similar to that of Kre2p/Mntlput noin vitro enzyme activity assays
have been performed prior to the experiments dustiin this thesis. Gene knock-out studies
have been performed in the filamentous fuBgguvaria bassianand these led to growth
defects, a decrease in cell wall components, retiisderance to stress and lower virulence
(Wanget al, 2014), reinforcing the potential importancelsd Ktr4p protein.
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2 AIM OF THE THESIS

The general aim of this thesis was the charactenmsaf proteins or protein-protein
complexes involved in glycoprotein transport orgassing in the early secretory pathway.
More specifically, the aims were

» to elucidate the three-dimensional structure o#Epvand study its interaction with
Erv46p,

» to enzymatically and crystallographically charasteKtr4p, and

» to study the structure of the full lumenal par&®GIC-53 and to investigate its
oligomerisation properties.
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3 RESULTS AND DISCUSSION

3.1 EXPRESSION, PURIFICATION AND X-RAY STRUCTURE
DETERMINATION OF ERV41P (PAPERS | & II)

The membrane protein complex comprised of Erv4pEm46p in yeast initially attracted
our interest when it was first hypothesised tonwelved in the transport of cargo proteins
between the ER and the Golgi apparatus. While atigindful of studies on the yeast protein
complex were published at the time, even fewecladidescribed the role of the human
orthologues ERGIC1, ERGIC2 and ERGIC3. Most stgkinour bioinformatic analyses
showed little sequence similarity between theséepre and any protein structure deposited
in the PDB, which severely hindered predictionhait functions. In order to better
understand their potential functions, we thereioiteated a project to investigate the
structures of these proteins, as well as the ictierss between them.

3.1.1 Expression and Purification of Erv41lp and Erv46p

As extensive trials to produce soluble Erv41p andl&p inE. coliin our laboratory had
previously failed, we decided to instead utilise faculovirus expression vector system for
the recombinant expression of these proteins.idrsifstem, ovarian cells from either of two
organismsSpodoptera frugiperdar Trichoplusia nj are transfected with a viral bacmid,
engineered to contain the gene of interest. Thig gecloned at the location of the
dispensable polH gene, which, in the wildtype vierscodes for the protein polyhedrin, a
major structural component of baculovirus occludiodies. In this eukaryotic expression
host it is possible to direct expression of recarabi proteins through the secretory pathway
to the extracellular medium, thus employing theliftg and quality control mechanisms in
the host cell ER, by attaching a signal sequentdeet®-terminus. We therefore chose to
include the signal sequence of honey bee mellitie -active component in bee venom, and a
highly expressed and efficiently secreted proteah the N-terminus of each construct, and
this was followed by a Hispurification tag. For this work, we decided to othie N- and C-
terminal transmembrane helices of both Erv41p and@p, as well as their cytoplasmic
tails, and aimed to produce only the lumenal doro&ach protein. Several constructs were

Erv4lp wt —iH lumenal HI—
Erv4lp_LD L lumenal ]

Erv46p wt — i lumenal }_W_FY_K.TIS
Erv46p_LD [ lumenal \

49 372

Figure 4: Schematic representation of the domain topologsrefilp and Erv46p. Both wildtype proteins are
comprised of a single lumenal domain flanked bgagmembrane helix (TM) on each side and short,
cytoplasmatically exposed, N- and C-termini. Wilg41p only contains a C-terminal anterograde parts
motif, Erv46p contains both antero- and retrograalesport motifs at its C-terminus. The constrgtislied in
this work, comprised only of the lumenal domaireath protein, also are depicted.
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tested for expression and, ultimately, the longesstructs, spanning residues 49 - 297 and
49 - 372, for Erv41p and Erv46p, respectively, wesed in this study (figure 4).

Following the transfection &. frugiperdaSf9 cells with the bacmid, and confirmation of
production and secretion of the recombinant protch protein was produced in larger
scale by infecting’. niHigh Five cells with the respective virus. Botlotgins could then be
purified from the expression medium by standartnepies.

Using these methods, we were able to successhypiess and purify Erv4lp_ LD and
Erv46p_LD of suitable qualities and in suitable mfitées to proceed with crystallographic
studies.

3.1.2 Structure Determination of Erv4lp

Crystallisation trials with Erv41p were performesing commercially-available screens, and
resulted in one condition producing diffractingstajls. Optimisation of this condition was
successful, and X-ray diffraction data to 2.0 Aoteon was recorded. Since no phase
information from a homologous or structurally simniprotein was available, the single
anomalous dispersion method was employed to expatatly obtain the information for
initial phasing of the structure. To achieve thiystals of the native protein were soaked
with a range of metals or heavy metal containingpounds, and many soaked crystals were
screened for diffraction on synchrotron beamlitémately, only crystals soaked with
YbCl; diffracted to a high enough resolution (2.7 A) anavided sufficient anomalous
signal to enable the placement of the stronglyatiting heavy atoms and make initial model
building possible. At this stage, elongated sestiirelectron density, clearly corresponding
to B-strands, could be identified and a poly-alanineleh@vas built to fit the density. After
several rounds of phase combination, model buildimg) refinement, this model was of high
enough quality to be used as a molecular replaceseanch model for the higher-resolution
dataset recorded from the native crystals, and himdleling was completed with this
dataset. The final model at 2.0 A resolution wéised to R/R.c values of 16.5% and

20.6%, respectively, and comprises the full lumelwahain of Erv41p, with the exception of
three flexible loops.
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Erv4lp L D/YbCl; Erv4lp LD native

Data collection and phasing

Wavelength [A] 1.3852 0.9334
Resolution range [A] 48.24-2.7 (2.85-2.7) 48.1491(2.10-1.99)
Space group P2 P2
Unit cell parameters
a, b, c[A] 48.77, 76.65, 65.47 49.78, 76.93, 65.11
o, B, v [ 90, 98.49, 90 90, 104.7, 90
Total reflections 77603 127463
Unique reflections 12968 31843
Multiplicity 6 (6.2) 3.93.2)
Completeness [%] 98.4 (97.2) 99.1 (94.2)
Mean I6l 18.6 (7.3) 19.41 (4.41)
Anomalous completeness [%] 94.9 (93.5)
Anomalous multiplicity 3.1(3.1)
Wilson B-factor [£] 34.8 23.1
Rmerge 0.064 (0.19) 0.05 (0.27)
Phasing Figure of Merit 0.432
Refinement
R/Riee [%0] 16.5/20.6 (18.8/23.0)
Number of atoms 3868
macromolecules 3628
water 240
Protein residues 432
Average B-factor, including TLS contribution A 36.40
macromolecules 334
solvent 39.8
R.M.S. deviations from ideal
RMSD bond lengths[A] 0.009
RMSD bond angles [9] 1.21
Ramachandran plot
Ramachandran favored [%0] 95
Ramachandran outliers [%] 0

Table2: Summary of data collection, phasing and refinerstitstics for Erv41p_LD. Statistics for the highe
resolution shell are shown in parentheses.

3.1.3 The Structure of Erv4lp

The lumenal domain of Erv41p consists of a tighdgked and twistetsandwich, whose
concave and convex faces are comprised of an sigiride-sheet (sheet A) and a six-
stranded-sheet (sheet B), respectively. On one side oftk@ndwich thgl-strands are
connected by loops, some of which contain shortégl while on the other side, short N-
and C-terminap-strands protrude from the core. Since the natigeem contains
transmembrane helices at the N- and C-terminivthisid be the membrane-proximal side
(figure 5a,b).
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180°

Figure5: The structure of Erv41lp_LEa) The structure of Erv41lp_LD is represented as®aarand coloured
according to secondary structure elements, wvitlelices in goldp-sheets in blue and loops in grey. The
secondary structure elements are labelled, andnmissctions of loops are indicated by dashed.lides
schematic representation of the ER-membrane shwysasition of the lumenal domain in the contexhef

full protein.(b) A representation of the structure rotated by $00rad a vertical axigc) The electrostatic
potential of the Erv41p_LD surface. The orientatibthe protein is equivalent to (a). Negative pttd is
denoted in red and positive potential is denotdaue. The maps were calculated using the APBS-ipltig
PyMOL and are contoured at the 4-KT leyd). A view of the structure rotated by 180° arounedieal axis.

Calculation of the electrostatic surface potemidahe Erv41lp lumenal domain reveals a
large, negatively charged area covering almosetitiee sheet B, while on the opposite sheet
A, only singular charged residues stand out froenldingely neutral surface. The size of this
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negatively charged area led us to the hypotheatsttls likely to be physiologically relevant,
possibly as a site of interaction with other pragear smaller ligands (figure 5c,d).

Searching the PDB for structurally similar proteihsntified, among others, acid-sensing ion
channels and other structures of proteins withatartirate binding modules. However, due
to the low similarity of even the closest structuedatives with root mean square deviations
(RMSD) of 4.4 A and 3.7 A, respectively, no meafimgonclusion about the function of
Erv41p can be drawn from these comparisons.

3.1.4 Expression, Purification and Crystallisation of Erv46p

As with Erv41p, exhaustive trials to express Ervit6R. coliyielded only insoluble protein
and the gene was therefore cloned for expressimsétt cells. A construct lacking the
transmembrane helices, but covering the full lurhdoeain, with an N-terminal honeybee
mellitin signal sequence was engineered and irsdistwere transfected with the resulting
bacmid. The protein could be purified from the exdtmediunvia its N-terminal Hig-tag,
but upon removal of this purification tag a largaction of the protein formed soluble
aggregates, which could not be recovered. Nevethesome monomeric protein remained
in solution, and several commercial crystallisagoreens were set up to identify suitable
conditions for the crystallisation of Erv46p_LD. dvibcrystals could indeed be produced,
however these crystals did not diffract at synalrobeamlines. After optimisation of the
condition to produce larger and diffracting crystililed, further screening for different
conditions was performed. Three-dimensional crgstadre obtained at this point, however
they were later revealed to be of a contaminartepr¢described in further detail in paper

V).

3.1.5 Interaction Studies of Erv41lp and Erv46p

In order to gain further insight into the strengtid mechanism of interaction between
Erv41p and Erv46p, we performed surface plasmameexe (SPR) experiments with the
two proteins. Due to the tendency of Erv46p_LDadnf soluble aggregates however, our
studies were ultimately limited to showing the dirand concentration-dependent interaction
of the two proteing vitro.

The experiments were performed on a Biacore 30&0ument (GE Healthcare, Uppsala,
Sweden) at 25 °C. Erv41lp_LD was immobilised on &Qkip by amine-coupling according
to standard procedures (GE Healthcare) in acetdterppH 4, leading to a response of

700 RU, and Erv46p_LD was used as the analytergectéd onto the chip in varying
concentrations and in a random order at a flow@&t0 pl/min. An unmodified flow-cell
was used as a reference surface. After each argjlgttion, the surface was regenerated
with short pulses of 5 mM NaOH. Evaluation of teasorgrams was performed using
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BlAevaluation 4.1 (GE Healthcare), and the refeeesignal was subtracted from the raw
data (figure 6).

Since Erv41p and Erv46p have been observed as afalarger complex of 200 - 400 kDa
(Welshet al, 2006), the possibility that as-yet unidentifathpter proteins maintain an
indirect interaction between Erv41p and Erv46p toaloe considered. In addition, the
transmembrane helices might be involved in therableof the complex. While the SPR
experiments confirm that the interaction betweendimenal domains of the two proteins is
direct, the low response upon binding points towardveak and possibly transient
interaction between the two proteins.

uM Ervd6p ——
uM Ervdbp — — - A
uM Erv4ép - - -
uM Erv46p ------

50

8.8
4.4
2.2
1.1

response [RU]

0 50 100 150 200 250
time [s]

Figure 6: SPR sensorgram of Erv41p_LD interacting with Epv4eD. Erv41p_LD was immobilised on a CM5
chip and Erv46p_LD was used as the analyte. Fgertions of analyte concentrations ranging from M to

8.8 uM were performed in random order and referelaca from an unmodified flow-cell was subtractEloe
results indicate a direct binding of Erv46p_LD tw#lp_LD.

3.1.6 Expression and Crystallisation of ERGIC1

ERGICL1, the third member of the human protein cexplvhich lacks a yeast homologue,
was cloned, expressed and purified in the same enasErv41p, and attempts to crystallise
the protein were undertaken. Unfortunately, afort6p, only very small crystals could be
obtained, which diffracted poorly, and optimisatmfithese crystals was not successful
despite extensive efforts.
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3.1.7 Co-expression of ERGIC1, ERGIC2 and ERGIC3

In addition to the expression of Erv41p and Erv4@p.also attempted to co-express the
tripartite complex of the homologous human proté@inssect cells. This was facilitated by
the use of the co-expression system developetiddBEVS by Fitzgeralét al, (Fitzgerald

et al, 2006), which provides two plasmids, each coimgitwo multiple cloning sites

(MCS). This allows one to make use not only ofgbl/hedrin promotor, but also the
promotor of the gene encoding for p10 - anothex yirotein dispensable for infectious virus
formation which is replaced by the second genatefést. The two plasmids can be
recombined using the Cre-Lox technology. After aegring a plasmid containing all three
human proteins, transfection of insect cells adgim production is carried out as usual.

Using these techniques, we successfully co-expmtedbsdumenal domains of ERGICL1,
ERGIC2 and ERGIC3, which could then be co-purifredmall amounts. Unfortunately, the
very low yields resulting from the co-expressiont@ proteins prevented further studies to
investigate the complex.
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3.2 THE CRYSTAL STRUCTURE OF KTR4P FROM S. CEREVISIAE (PAPER lII)

In yeast, the family of Kre2/Mntl glycosyltransfeea consists of nine members, which have
been shown to play roles in N- and O-linked glytatsyn of newly synthesised proteins.
Several of the members of this family have beematherised and shown to catalyse similar
and partially redundant mannosyltransferase ra&fioussieret al, 1999), and one member
has been shown to be a mannosylphosphate traresf§vasget al, 1997; Jigami & Odani,
1999). These enzymes are mostly located to thei @pjaratus, and in 2014, the location of
one member of the family, Ktr4p, was shown to diyedepend on the presence of the ER
vesicle proteins Erv41lp and Erv46p (Naataal, 2014). This study brought Ktr4p to our
attention and we decided to produce recombinadipkitrith the aim of both studying the
protein itself, and of potentially performing iretion studies together with Erv41p and
Erv46p.

Ktrd4p wt —ig{ stem | catalytic \

1 464

Ktr4p LD [ stem | catalytic \

33 464

Figure 7: Schematic representation of the domain topolog§tefp. The wildtype protein is comprised of a
short, cytoplasmatically exposed tail at the N-iatrs, followed by a transmembrane helix, a lumeieh
domain and a large catalytic domain. The conssiuttied in this work, comprised only of the lumepait of
the protein is also depicted. TM: transmembrani.hel

3.2.1 Expression and Purification of Ktr4p

For the production of the putative glycosyltranager Ktrdp, attempts to express the protein
in E. colisucceeded. Twelve constructs of the lumenal dowfdime protein, with the longest
one ranging from residues Asn-33 to Tyr-464 (figtiyewere each cloned into the pNIC28-
Bsa4 plasmid, which contains a Hpgurification tag N-terminal of the MCS. The actual
cloning was carried out by the Protein Scienceli®aei Karolinska Institutet, although alll
subsequent work was performed in our laboratoryethe eukaryotic origin of the protein
and its subcellular location in the Golgi apparatasnbined with our previous experience of
expressing these proteins in a bacterial host: thweli Rosetta-gami 2 strain was chosen as
the expression host. The Rosetta-gami 2 strain c@slhe features of the Rosetta strain,
allowing for enhanced disulfide bond formation, aimel Origami strain, enhancing the
expression of eukaryotic proteins containing ra@oos scarcely used i coli. We were
pleasantly surprised to learn that all correcttyneld constructs led to soluble protein using
this E. coli strain. After the successful small-scale expressials, the production of all
tested constructs could be scaled up and approeiyr2@ mg of pure protein could be
obtained from a 1 litr&. coli culture by following standard expression and pratfon
protocols. While the purification of some constsuasulted in the presence of a degradation
product, the longest construct, ranging from ressdéisn-33 to Tyr-464 could be isolated to
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purity without signs of degradation. We therefdnese to focus only on this construct in
subsequent studies. The integrity of the protegp@aration was investigated with circular
dichroism (CD), which confirmed that the proteinsdalded and showed that its secondary
structure content was mostiyhelical, and dynamic light scattering (DLS), whioklicated a
monodisperse sample.

3.2.2 Crystallisation and Structure Determination

Crystallisation trials using the sitting drop meatheere set up in 300 nl drops with
commercially available screens, and crystals waredsted directly from one condition of
the screening plates. These crystals diffract@ad\ resolution, and data were collected at
beamline ID23-1 of the ESRF. The structure wasesbly molecular replacement, using the
already available structure of Kre2/Mntl (PDB iddNS (Lobsano\et al, 2004)) as a search
model, and after model building refined to R/Rvalues of 0.16/0.20, respectively.

Ktrdp_ LD apostructure Ktrdp_ L D-GDP complex

Data collection

Beamline ESRF ID23-1 ESRF ID23-2
Wavelength [A] 0.8726 0.97241
Space group P2,2,2, P22.2,
Unit cell parameters

a, b, c[A] 60.19, 102.37, 156.91 61.215, 102162.65

o, B, v [ 90, 90, 90 90, 90, 90
Resolution [A] 50-2.2 (2.28-2.20) 50-1.9 (1.94-1.90)
Rmerge 0.127 (0.651) 0.104 (0.867)
Mean |6l 13.8 (3.0) 15.5 (2.3)
Mean CGy, 0.997 (0.856) 0.999 (0.833)
Completeness [%] 99.7 (97.0) 99.1 (98.9)
Multiplicity 7.8 (8.0) 9.8 (9.2)
Number of reflections 387144 (34874) 790203 (41691)
Number of unique reflections 49596 (4381) 80667 (4508)
Wilson B-factor [X] 10.5 17.5
Refinement
Resolution [A] 50-2.2 50-1.9
R/Rjee 0.163/0.202 0.156/0.191
Number of non-hydrogen atoms (protein 7081 7278
Mean B value [A] 24.96 26.51
Number of waters 498 577
R. M. S. deviations from ideal

RMSD bond lengths [A] 0.018 0.20

RMSD bond angles [9] 1.678 1.832
Ramachandran plot

Residues in favoured regions [%] 97.8 98.2

Residues in allowed regions [%)] 2.2 1.8

Residues in disallowed regions [%0] 0 0

Table3: Summary of data collection and refinement statsdf Ktr4p_LD and Ktrdp_LD bound to GDP and
Mn?*. Statistics for the highest-resolution shell dreven in parentheses.
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By incubating the protein with both GDP and Mafokr 1h, followed by the same
crystallisation procedure as for the apo-proteipstals of Ktr4p_LD bound to both Mhand
GDP could be obtained, and diffraction data toAl\@ere recorded at beamline 1D23-2 of
the ESRF. The previously obtained apo-structutstigfp LD was used as a search model
for molecular replacement. During refinement of pihetein chain, clear density
corresponding to a GDP-molecule became apparéin¢ iactive site of both chains in the
asymmetric unit. The structure was ultimately refino R/Re. values of 0.16/0.19,
respectively (data collection and refinement giaisare shown in table 3).

3.2.3 The Crystal Structure of Ktr4p

The structure of Ktr4p is comprised of a centraksestrande@-sheet, which is surrounded
by severab-helices and flanked by twstrands (figure 8a). With this structure it belsiig
the glycosyltransferase subfamily GT-A, and itradigo Kre2/Mntl, the closest homologue
with a determined structure, with an RMSD of 1.2vkr 235 residues of the catalytic
domain. This striking similarity, despite the ralaty low sequence identity of 32%, is also
apparent in the active site of the enzymes, whadhd the hypothesis that Ktr4p binds GDP,
coordinated by a M ion, two ligands that are both present in thecstme of Kre2/Mnt1.
This hypothesis was tested by incubating the prateh GDP and MnGlprior to
crystallisation, and both ligands were indeed tyadentifiable in the active site of the
resulting structure (figure 8b). In contrast, thaléng experiments performed with a
relatively high concentration of methydmannoside led to only very weak density visible at
the proposed binding site for the acceptor, whionla/suggest a very weak binding of the
monosaccharide at this position. Similarly weaksitgrwas observed when analogous
experiments were performed with Kre2/Mnt1 (Lobsaabal, 2004). This weak binding
could either be an indication of a non-native atmegubstrate, which possibly decreases its
binding affinity to the active site substantiallyyery fast dissociation rate of the acceptor
substrate, or a combination of the two.

Upon comparison of the apo-structure with the GBPyalex, the only striking differences
are observed in the active site, with the mainreegement being the displacement of
Arg-142 to allow the binding of GDP in the activeesThe preformed nature of the active
site is relatively unusual in glycosyltransferasess, more common that conformational
rearrangements of loops are observed upon ligarding. The loops covering the active site
of the enzyme are thought to sequester the adtev&@m the solvent and potentially assist in
product release (Unligil & Rini, 2000).

3.2.4 Activity assay

Since the activity of Ktr4p had not been previouslydied and had been only speculated to
be that of a glycosyltransferase, experiments mdirco its function were performed using a
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coupled malachite-green assay. In this experintleatglycosyltransferase reaction of Ktr4p
(figure 8c) is assayeda GDP, the proposed leaving product of Ktr4p. GDRuither
hydrolysed by the nucleotidase ENTPD3/CD39L3, gjviise to free inorganic phosphate,
which can subsequently be detected and quanti§ied)uthe malachite green reagent. This
activity assay was performed using GDP-mannoskeasttgar donor and three potential
acceptor substrates were tested, namely manmds2;mannobiose and methy-
mannoside. The choice of these donor- and accephstrates was based on suggestions
from sequence identity to Kre2/Mntl and commerialilability. Our results show that
Ktrdp indeed is an active mannosyltransferase lamdniost efficient mannosyltransfer was
observed for methylk-mannoside, while the observed reaction rates &muose and-1,2-
mannoside were very low (figure 8d).

\ S
C D =— methyl-o-mannoside m
0.4 - o-1,2-mannobiose e
4 mannose e
£ none -
0.3 7
OH = + Py
OHg N -
OH OH HO 2 R A
oo omo  Ktrdp 5 02 + ’
Ho + Ho™ i’ S0 R 8 y :
HO ! o .
.
~ 0 GDP / e *
GDP’ R’ 01 - .
HO HO Pt
0 10 20 30 40
time [min]

Figure 8: The crystal structure and enzymatic activity af4gt LD. (a) The structure of Ktrdp_LD in complex
with GDP and MA". a-helices are coloured in greeng-Belices in black an-strands in orange, and all
secondary structure elements are numbered. Thei&Ehown in ball-and-stick representation, aslaee t
cysteines forming disulfide-bond) Ball-and-stick representation of GDP (white) andMpurple) located in
the active site and residues involved in their inigdgreen)(c) The glycosyltransfer reaction catalysed by
Ktr4p. (d) Activity of Ktr4p_LD. The enzyme is active using thgl-a-mannosidex) as acceptor substrate, and
the signal observed usingl,2-mannobiose#] and D-mannosek ), respectively, is comparable to the
background reading in the absence of acceptorrstibgt). The blank reading, measured in the alesehc
enzyme, has been deducted from all experimentdings
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These three acceptor substrates might only regradesction of the native substrate of
Ktrdp. While our results clearly prove the mannusyisferase activity of the enzyme, further
experiments using the biological acceptor substpatssibly attached to a target protein or
lipid, might lead to further insight into the sdigity and activity of the protein. The
identification of this substrate was however a tasyond the scope of this study for several
reasons. Generally, the substrates of glycosyfeeases are tremendously hard to identify,
and intricate knowledge of their roles in a spegithway is required. This in turn would
demand knowledge of the individual glycosylatiomoelelling steps of the substrate, leading
to a Catch-22 situation. While amsilico approach to identify classes of substrates based o
the protein's coding region is available for baaté8anchez-Rodrigues al, 2014), in most
cases the only readily available option is a micayabased glycan screen. For this, a
collection of glycans is immobilised on a microgreand binding of a protein in question to
specific substrates can be tracked by antibodies.

We have undertaken this approach and screenethfting of Ktrdp_LD in the presence of
Mn?* at a pH of 6.5, the physiologial pH within the Gigpparatus (Paroutét al, 2004), to

a selection of over 600 natural and synthetic mallmmglycans in collaboration with the
Consortium for Functional Genomics. The resultthf assay were however negative, as no
binding of Ktrdp_LD to any of the screened glycaras observed. It therefore has to be
considered that Ktr4p might indeed not interachwivmplex glycans. Other possible
explanations for the lack of an observed signahamever manifold: the interactions could
be weak and transient and not give rise to a datkxsignal. This might be caused by non-
native experimental conditions, such as a too biglo low pH-value, improper ionic
strength of the solvent or the lack of a co-facidhile the early steps of N-linked
glycosylation in the ER of yeasts resemble thodauaians, later stages of glycan
remodelling, especially of O-linked glycans, diftgeatly between the two organisms (Van
den Steeret al, 1998). It is therefore possible that the chaaeay of mammalian glycans,
which does not cover the complete human glycomes dot incorporate the actual substrate
of Ktrdp from yeast.
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3.3 FERRITIN FROM THE EXPRESSION HOST T. NI IS A COMMON
CRYSTALLISATION CONTAMINANT (PAPER IV)
In our laboratory, the application of the baculasiexpression vector system for the
production of eukaryotic proteins localised to ¢agly secretory pathway has proven to be
successful in many cases, and a substantial nushpeoteins that had previously proven
unamenable for expressionkn coli strains could be produced using this technology tife
expression of secretory proteins, an N-terminaklgbre mellitin secretion signal was added
to the protein sequence, followed by agHiarification tag and a TEV cleavage site. For
large-scale production of these proteins, the BI5B1-4 (High Five) insect cell strain, a
cultured cell line originated from the ovarian salf the cabbage loop@&richoplusia nj was
used. This cell line had been previously reportepgrbduce higher expression yields,
especially for secreted proteins (Kramraeal, 2010; Wildeet al, 2014), an observation
confirmed in our studies, as the High Five straiminely increased expression yields up to
10-fold compared to the Sf9 cell line.

The recombinant proteins were purified by standectiniques, small-scale crystallisation
screens were set up, and in the cases of Erv46iharitRGIC-53 4H/MCFD2N complex,
small crystals were obtained (figure 9b). In theecaf the Erv46p protein preparation,
crystals grown in five different conditions diffted to ~2.2 A resolution without
optimisation. For the ERGIC-53 4H/MCFD&N complex, the crystals could reproducibly be
obtained and increased in size after drops of targiemes were set up, finally leading to
diffraction up to ~4 A resolution.

As molecular replacement search models for bottem® were available, this method was
employed in order to solve the structures. It h@avenever led to any convincing solutions,
and rather to the suspicion that a protein contamihad crystallised instead of the target

proteins. In the case of Erv46p, this contaminaa veadily identified by querying the PDB

A B

—— ERGIC-53
40 kDa . ETVAGD guu

10 kDa

Figure 9: (a) SDS-PAGE analysis of purified Erv46p_LD and hexacERGIC-53 4H in complex with
MCFD2-AN. Asterisks indicate the molecular mass of thatietheavy and light subunifb) Crystals of ferritin
grown in six different conditions. The crystalsédéd a-e were obtained from contaminated Erv46p
preparations, and the one labelled f from ERGI@&Eparations(c) A section of the unbiased Fo-Fc omit map
after molecular replacement, confirming that attenp crystallise Erv46p_LD instead resulted imiferritin
crystals. A section of the&. niferritin structure is shown in green and the Fafit map, which was produced
by running refinement after deleting this sectibthe structure from the model, is depicted as gnegh.
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for similar unit cell dimensions, which led to theeviously-published structure of ferritin
from T. ni. The structure could subsequently be solved ukisgnolecule as a search model,
and it was refined to RiR-Vvalues of 0.24/0.26, respectively, and the qualitihe electron
density confirmed beyond doubt that the crystade@d were of . niferritin (figure 9c).

In the case of the complex of ERGIC-53 4H and MCHD2however, no protein with

similar unit cell parameters could be found infi2B and the structure solution process was
therefore more cumbersome. Ultimately though, withprevious experience in mind, an
attempt to solve the structure usihgniferritin as a search model for molecular replaggme
was undertaken and the structure could readilyled and refined to RiRsvalues of
0.30/0.34, respectively. In both cases, no extenstivicture refinement was undertaken as a
higher-resolution structure @t niferritin is already available (Hamburgetral, 2005).

The iron-storage protein ferritin of insects igpaerical 24-mer consisting of twelve heavy
(26 kDa) and twelve light (24 kDa) chains. It isstip found in the rER, and ferritin crystals
can even be observed in secretory vesicles byrefesticroscopy (Locke & Leung, 1984;
Nichol et al, 2002). InD. melanogastefly extract, ferritin was found to be a major
constituent, representing 0.8% of the total proteintent (Li, 2010). Clearly, ferritin is
highly abundant in baculovirus infected cells adi,vemd it co-elutes from Ni-NTA
Sepharose beads with the §liagged target protein (figure 9a). The fact tha still present
in the sample after removal of the Hgurification tag from the target protein by inctiba
with TEV protease, followed by a reversed IMAC stispsurprising. However it might be
attributed to its large quantities; weak bindindasfje amounts of ferritin to a Ni-NTA
matrix might lead to removal of a large portiorthe flow-through, but some ferritin could
still be retained during the purification. Simikgrtiuring the reversed Ni-NTA purification
step, ferritin might be found in the flow throudtrv46p_LD was further purified by SEC
and the fractions eluting at the volume correspatth ~400 kDa were pooled and
concentrated. While the exact molecular mask of ferritin remains unknown, it can be
estimated to ~600 kDa. In the case of the ERGI@B/CFD2-AN complex, the protein
peak eluting at a volume corresponding to ~100 wis collected and re-injected onto the
SEC column, yielding a fraction of hexameric proteiuting at a volume corresponding to
~300 kDa. This fraction was then incubated with ND2FAN in the presence of CaGind
once again analysed by SEC, which clearly showegtésence of a stable complex eluting
at a volume corresponding to ~360 kDa.

As the shapes of both Erv46p and the ERGIC-53 4HFMZAN complex might be non-
globular, their elution volumes might differ monefoundly from their theoretical molecular
masses. This could be an explanation for the pceseinferritin in Erv46p preparations, it
does however not hold in the case of the ERGICHYBMEFD2-AN complex, as the latter
protein sample was originally obtained from thekpelaiting at 100 kDa.

In addition to its persistent presence during pngbeeparation]. niferritin seems very
prone to crystallisation in a number of differeahditions and at very low concentrations,
presumably aided by its high internal symmetry.
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Altogether, we conclude that niferritin poses a problem when working with Higlve-i
cells as an expression host, and that protein pagpas originating from High Five cells

should be meticulously inspected for the presehéerdtin at an early stage of
experimentation.
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3.4 INVESTIGATING THE OLIGOMERISATION PROPERTIES OF ERGIC-53
(PAPER V)
While the carbohydrate recognition function of ERE3 has been well studied (Vellosb
al., 2002, 2003; Wigrent al, 2010; Zhenget al, 2013), the mode of oligomerisation
provided by the membrane proximal oligomerisatiomein of the protein remains more
obscure. It has been established that ERGIC-58lysfonctional as a hexamer (Nufet al,
2003), but we do not yet understand why this isctee, or how the hexamer is built up.
Experiments aimed at elucidating the structurdefrtexameric form, and the mechanisms of
its interactions with the co-receptor MCFD2 andwaérgo, are therefore of key importance
to increase our understanding of how ERGIC-53 fonstas a cargo transport receptor in the
early secretory pathway. However, despite the &fiair several research groups, it has not
previously been possible to produce oligomerisatiompetent ERGIC-53 protein in a
recombinant host. We therefore set out to addrésgtoblem.

3.4.1 Expression and Purification of ERGIC-53

While the expression of the CRD of ERGIC-5&incoliwas feasible, longer constructs
including the full oligomerisation domain or onlgnts of it produced either insoluble protein
or insufficient yields, and the expression of thaated oligomerisation domain led to similar
results. Only a construct comprising the CRD ameglof the four helices belonging to the
oligomerisation domain (ERGIC-53 3H) could be proetlias soluble protein, and this was
in minute amounts.

Two constructs of ERGIC-53, one including the futhenal part (ERGIC-53 4H+L) and one
truncation variant lacking the membrane-proximadir (ERGIC-53 4H), were therefore
prepared for expression trials in insect cells.c@ly, the ERGIC-53 4H+L construct
includes the membrane-proximal linker, which camtdivo cysteine residues (Cys-466 and
Cys-575) that are the subject of an ongoing delssteeral studies have suggested that these
cysteines form intermolecular disulfide-bonds argber the trimerisation of ERGIC-53
dimers (Appenzelleet al, 1999; Carriéret al, 1999; Lahtineret al, 1999), while others
have suggested that they do not play a crucialimdlee assembly of hexameric ERGIC-53
(Neveet al, 2005). Comparisons of these two constructs walltdv for the further study of
the role of the two cysteine-residuessitro, and we have therefore focused our work on
these two (figure 10).

Each construct was cloned into a plasmid contaiaihgneybee mellitin secretion signal
followed by a His-purification tag N-terminal of the MCS. The bacrpi@paration, insect
cell transfection and large scale production ofabstructs were performed using the same
protocols as for the production of the ER vesict#gins, and soluble protein could be
obtained for all tested constructs.
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Figure 10: Schematic representation of the domain topolagfi€RGIC-53 and MCFD2. ERGIC-53 is a
53 kDa protein comprised of a lumenal carbohydmtegnition domain (CRD) at its N-terminus and an
oligomerisation domain predicted to consist of fedrelices (I - IV). This domain is followed by a sheegion
linking the lumenal part of the protein to the EBmbrane, which includes two cysteine residues @®@and
Cys-475). On the cytoplasmic side, ERGIC-53 expas&sort C-terminal tail including the sorting nf@for
both antero- and retrograde transport. The difte@eterminal truncation variants of ERGIC-53 usedhis
study are represented below.

Wildtype MCFD2 is a soluble, 14 kDa protein coriagtof a disordered N-terminal region, followedtiso
EF-hand domains. The MCFDYN construct is depicted below the wildtype.

To purify the different constructs, the growth madiwas separated from the cells by
centrifugation and the protein isolated from thalimen by immobilised metal affinity
chromatography (IMACYVia the N-terminal His-tag, followed by size exclusion
chromatography (SEC). This protocol resulted ireganotein, as judged by SDS-PAGE.
Both protein constructs consistently eluted asdistinct species from the SEC column and,
by comparing their elution volumes to a standardeproduced based on a set of proteins

| 55 kDa

| ‘v'\_y -ERGIC753 4H

200 200

ERGIC'53 3H —— ERGIC'53 4H ———
300 ERGIC-53 4H ——— 300 ERGIC-53 4H dimer reinjected ------- .
ERGIC-53 4H+L -+ ERGIC-53 4H hexamer:MCFD2-AN -
250 " a 250 " -
i 4 r -
it 5] I
| | -

> hexamer

150 150

Azgo [MAU]
Azgo [MAU]

10 kDa MCFD2-AN

30 40 50 60 70 80 920 100 110 30 40 50 60 70 80 920 100 110
volume [ml] volume [ml]

Figure 11: Purification of different ERGIC-53 constructs asamplex formation with MCFD2N. (a) Size
exclusion chromatograms of ERGIC-53 4H+L, ERGIC45Band ERGIC-53 3H obtained from the final
purification step on a Superdex S200 16/60 coluBt Healthcare). The three constructs elute at vetum
corresponding to a hexameric and a dimeric spesigsthe isolated CRD is present as a degradatimupt.

(b) SEC analysis of dimeric ERGIC-53 4H. Reinjectiéthe purified dimer leads to the formation of a
hexameric protein. After incubation of this fractiwith MCFD2AN, a shift towards a volume corresponding to
a larger molecular mass is observed, proving tidesformation of the complefc) SDS-PAGE analysis of
hexameric ERGIC-53 4H after complex formation itEFD2-AN and SEC.
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with known molecular weight, the masses of the $pecies could be calculated to
approximately 100 kDa and 300 kDa, respectivelyresponding to the theoretical masses of
ERGIC-53 dimers and hexamers. This was also trefoashe ERGIC-53 3H construct
produced irk. coli(figure 11a).

To increase the purity of the dimeric ERGIC-53 4Hion exchange chromatography (IEX)
was performed and again, two distinct fractionsegldrom the IEX column. These were
later identified by DLS to correspond to monomard dimers. In contrast, when performing
the same experiment with hexameric ERGIC-53 4Hjissociation of the protein was
observed.

3.4.2 The Oligomerisation of ERGIC-53

The two ERGIC-53 oligomers were further investigatg SEC, native PAGE and
glutaraldehyde crosslinking experiments. Both hex#@rand dimeric species of ERGIC-53
4H were re-injected into the SEC column and theltieg elution profiles showed that, while
the hexamer neither dissociated into smaller oliggenmor formed higher oligomeric species,
the re-injected dimer eluted at the volumes of h@kemer and dimer, indicating that the
dimers are competent of forming a stable hexanguré 11b).
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Figure 12: Analyses of the oligomerisation behaviour of ERGIE (a) SEC runs of ERGIC-53 4H alone and
after incubation with MCFD2 and MCFD&N, respectively, on a Superdex S200 10/300 colu@ih (
Healthcare). Neither construct of MCFD2 changesdlkie between dimer and hexamer, indicating no
consequence of the presence of MCFD2 on the oligorstate of ERGIC-53 4Hb) Native PAGE analyses of
dimeric and hexameric ERGIC-53 4H+L in the preseartd absence of the reducing agent DTT. Neither
species dissociates in the presence of DTT, iridig#tat the two membrane-proximal cysteine resicare not
instrumental for keeping oligomeric ERGIC-53 4H+itaict.(c) SDS-PAGE analysis of monomeric, dimeric
and hexameric ERGIC-53 in the absence of glutangitk and after 1 and 10 min incubation with 0.025%
glutaraldehyde, respectively. A clear tendencyhefrhonomeric and dimeric species to assemble igteh
oligomers is observed.
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To further elucidate the role of the two cysteiesidues present in the membrane-proximal
linker region, native PAGE analysis of dimeric dre@kameric ERGIC-53 4H+L after
incubation with DTT was performed. The results simondifference in the running behaviour
between reduced and non-reduced samples of eitherid or hexameric species (figure
12b). While this seems to confirm that the cystei@e not instrumental for the stability of
the oligomers, it cannot be precluded, in particidathe hexamer, that they are in a
hydrophobic core and well protected from reducbgrDTT.

In order to further strengthen the observation BRGIC-53 4H+L is assembly-competent,
crosslinking studies using glutaraldehyde weregoeréd with the monomeric, dimeric and
hexameric species of ERGIC-53 4H. The results oondur previous observation, namely
that the lower oligomeric species are capable iién assembling into higher oligomeric
species, and also suggest a dispensable roleggonadirisation for the two cysteine residues
present in the C-terminal linker (figure 12c).

3.4.3 Interaction Studies with MCFD2

Previous studies have determined the binding affretween MCFD2 and the ERGIC-53
CRD to lie in the low-nanomolar region and indichtieat this binding is very susceptible to
mutations in MCFD2. While some mutations disrupgtititerface of the complex, others
render MCFD2 unable to bind €and therefore inhibit its folding, which conseqtien
inhibits binding to the ERGIC-53 CRD (Nyfelet al, 2008a; Nishicet al, 2010; Wigreret

al., 2010; ElImahmoudit al, 2011). The mutations abolishing the interacticemostly
located in the folded EF-hands of MCFD2, and the ob the unfolded N-terminus in this
interaction has not been investigated thoroughdyli& data have shown that the binding
affinity between native MCFD2 or N-terminally triated MCFD2AN and the ERGIC-53
CRD lies in the same, low-nanomolar, range (Wigge,2), but the oligomerisation domain
of ERGIC-53 was absent in these studies. We hareftire undertaken different approaches
to investigate whether the unfolded N-terminus @MD2 plays a role in the interaction with
the full lumenal part of ERGIC-53. Several differgotential roles for the unfolded N-
terminus come to mind: firstly, it might be invotvén the oligomerisation of ERGIC-53 or
its stabilisation by providing a link between themomers, binding to one CREr its EF
hands and to the next mononvé the unfolded tail, which would presumably fold upon
interacting with its partner. Secondly, it mightdito the oligomerisation domain of the same
or a neighbouring ERGIC-53 molecule or, thirdlynight be involved in the recruitment of
cargo glycoproteins to ERGIC-53. To test the tingbothesis, we have performed SEC
studies with dimeric ERGIC-53 and both native MCRD®2 MCFD2AN. After incubating
dimeric ERGIC-53 4H with each of the two MCFD2 ciusts for 1h in the presence of

5 mM CacC}, the complexes were analysed by SEC and theioelptofiles compared. In
this experiment, while the complex formation wasady confirmed by a shift of the elution
volumes towards a higher molecular mass, no trnewly formed hexamer was observed

35



for either complex, ruling out the possibility thhé unfolded N-terminus of MCFD2
promotes further oligomerisation of dimeric ERGI& 16 form hexamers (figure 13).
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Figure 13: SPR analyses of the interaction between hexaB&(©IC-53 4H and MCFD2 and MCFD2N,
respectively. The steady-state response for egattion in relation to the maximum observed respats
steady-state for the highest concentration isqdatigainst the MCFD2 concentration. The dissociatanstant
Kp, as determined from each constructs concentrati&y,= 50%, is 5.6*1¢ M and 1.2*16 M, for MCFD2-
AN and MCFD2, respectively.

The second hypothesis, that the unfolded tail oFAZ is binding to the ERGIC-53
oligomerisation domain, was investigated using SPé&americ ERGIC-53 was
immobilised on a CM5 chip by amine coupling, anading assays were performed using
both native and N-terminally truncated MCFD2 adyira. The resulting data demonstrated
a 5-fold increase in the binding affinity of natiVeCFD2 to hexameric ERGIC-53

(Kp = 1.2*108 M), compared to MCFD2N (Kp = 5.6*10% M), indicating that the N-
terminus is indeed also binding to ERGIC-53.

To investigate the third hypothesis, which states MCFD2 is involved in the recruitment

of cargo molecules to ERGIC-53, we have attemmieddombinantly express several
constructs of the thus-far identified proteins whtyansport from the ER to the ERGIC relies
on a concerted function of both ERGIC-53 and MCHizimely the blood coagulation
factors FV and FVIIl, as well as Mac2-bp, using BieVS system. Unfortunately though, all
our efforts to produce these proteins were unssbdes
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3.4.4 Crystallisation of ERGIC-53

In order to further investigate the structure @ iilmenal part of ERGIC-53, crystallisation
of different constructs and oligomeric speciesyal as their complexes with native and N-
terminally truncated MCFD2, was attempted. A toffalvell over 10 000 small-scale sitting-
drop experiments were set up to identify crystatie@ conditions for a number of
combinations between different ERGIC-53 constraats$ oligomeric states in complex with
both MCFD2 and MCFD2N. The extent and success-rate of these experiraents
summarised in table 4. Ultimately, two conditionattproduced crystals could be identified
from the screens performed with the complexes atiexameric ERGIC-53 4H and native
MCFD2, and hexameric ERGIC-53 4H and MCFDI; respectively. The crystals grown in
both conditions initially diffracted only poorlyubtheir size and diffraction quality could be
enhanced by further optimising the initially idéietl crystallisation conditions.

In total, approximately 250 crystals were cryo-pobéd, flash frozen and tested for
diffraction at various synchrotron sources.

Construct(s) Tested Crystals obtained
conditions
ERGIC-53 4H+L hexamer 1440 no
ERGIC-53 4H hexamer:native MCFD2 1440 yes (1 cooljt -
ERGIC-53 4H hexamer:MCFD2N 576 yes (1 condition)
ERGIC.53 4H dimer:MCFD2N 1728 no
ERGIC-53 4H dimer 6048 no
ERGIC-53 3H hexamer 576 no N\
ERGIC-53 3H dimer 576 no
Table 4: The number of tested crystallisation conditionsgfach construct. Figure 14: Crystals of
ERGIC-53 4H in complex

with MCFD2.

The first, cone-shaped crystals, obtained frorER&IC-53 4H hexamer in complex with
native MCFD2, appeared in a 2:1 mixture of 5.7 mMgfratein and 0.1 M Tris, pH 7.5 —

8.25; 11 — 13% (w/v) PEG4000, 0.15 M (N$EO, after a few days incubation at 4 °C
(figure 14) and - after extensive optimisationewito approximately 200 um in length and
50 um in width. X-ray diffraction data to a maximuesolution of about 4 A was recorded at
the microfocus beamline P14 of the Deutsches Ele&tr-Synchrotron (DESY) in Hamburg,
Germany. The protein crystallised in the spacemf2 with the unit cell parameters
a=275.6 A, b=49.3 A, c=305.6 A=y=90°,$=103.4°. Although the structure of the ERGIC-
53 CRD (Nishicet al, 2010; Wigreret al, 2010) was available, extensive molecular
replacement searches, making use of differentiynied models of the CRD in concert with
different molecular replacement programs, weresnotessful in solving the structure. Close
inspection of the individual diffraction images ealed several pathologies in the crystal
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packing. Smeared spots and possibly a doubledattaze observed, in addition to significant
radiation damage after only a short exposure oftystal in the X-ray beam. To circumvent
this problem, data was collected by scanning thst&is helically along their long axis, but
during data integration and indexing it was reve:dihat the unit cell was not isomorphous
along the length of the crystals. The combinatibthese problems is probably what
prevented a successful determination of the streictu

A different approach was undertaken to solve thectire by experimental phasing and for
this, crystals were soaked withgBaz4, a compound previously identified to be suitable f
isomorphous replacement, especially in the catagé molecules diffracting to low
resolution (Schneider & Lindqvist, 1994; Banumaghal, 2003). These crystals were
however not isomorphous, and diffracted to onlyA~2solution, with a very weak
anomalous signal to ~8.5 A resolution. The datkectibn and processing statistics for both
native and TgBris-derivatised crystals are summarised in table 5.

After this unsuccessful attempt to determine thecsiire of hexameric ERGIC-53 4H in
complex with native MCFD2, a new effort was undestaand screening for suitable
crystallisation conditions was resumed. Reasoriagthe unfolded N-terminus of MCFD2
might be unfavourable for homogenous crystal pagkims screening was undertaken using
the complex of ERGIC-53 4H with the MCFDXN variant at a concentration of 7.5 mg/ml,
and crystals of a bi-pyramidal shape were obtaireed the same condition as previously.
After observing weak diffraction of these crystalsynchrotron sources, followed by
optimisation of the crystallisation condition te@iease their size and quality, larger crystals
diffracting to 4 A resolution could be obtainedbéicame clear that the protein had once more
crystallised in the space group C2, but with veffecent unit cell parameters, namely
a=379.9 A, b=218.6 A, c=219.5 Azy=90°,8=125.3°. Once more, extensive trials to solve
the structure by molecular replacement using tladable model of the CRD as a whole or
pruned to its centrgd-sheet were performed, but were unsuccessful. itatexs discovered
that these crystals were in fact of a contaminaarely ferritin from the expression host

T. ni, and this observation is discussed in more detaiaper 1V. Since this revelation it has
of course to be considered that the crystals pextlérom the preparations of ERGIC-53 4H
in complex with native MCFD2 are also of ferrit&itempts to solve the structure using the
available structure of ferritin (Hamburgetral, 2005) as a search model have however failed.
This might not be surprising considering the veffetent crystal morphology, as one could
expect ferritin crystals grown in the same conditio be identical. However, due to the low
quality of these crystals, it has to be considénatithe data might have been incorrectly
processed and it can therefore not be concludiiksaime whether the crystalline protein is
in fact ferritin or ERGIC-53 in complex with MCFD2N.
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Native TagBr 4 derivative
Data collection
Beamline PETRA Il P14 PETRA Il P14
Wavelength [A] 0.97628 1.25492
Space group Cc2 Cc2

Cell axes a, b, ¢ [A]
Cell anglesy, B, v [°]
Resolution [A]

Rmerge

Mean I6l

Mean CG,»
Completeness [%)]
Multiplicity

Number of reflections
Number of unique reflections
Wilson B-factor [A?]

275.66, 49.33, 305.42
90.00, 103.38, 90.00
49.55 — 4.00 (4.19 — 4.00)
0.24 (1.07)
6.0 (1.2)
0.983 (0.342)
98.8 (95.8)
3.3(3.2)
112834 (13963)
34624 (4379)
102.9

269.08, 49.76, 302.08
90.00, 100.59, 90.00
49.49 — 7.20 (8.04 — 7.20)
0.26 (1.02)
6.6 (1.8)
0.99 (0.53)
94.7 (86.8)
4.3 (4.3)
24946 (6284)
5778 ()46
240.6

Table5: Data collection statistics of native crystals &®&C-53 4H in complex with MCFD2 and the¢Ba 4
derived crystals. Statistics for the highest-resafushell are shown in parentheses.

3.4.5 Small-angle X-ray Scattering

Concurrently with the crystallographic studies, Braagle X-ray scattering experiments
were performed to investigate the structure of ERGB in solution, with the intention to

complement a possible X-ray crystal structure ohamoeric or dimeric ERGIC-53. A low-
resolution solution structure of hexameric ERGICr28ht have allowed us to build a higher
resolution model by using the structure of the rme@ac or dimeric crystal structure of
ERGIC-53 as rigid bodies and, by enforcing symroatniestraints, fit them to the solution
scattering curve of the hexamer. Since no strudiiegher monomeric or dimeric
ERGIC-53 could be obtained, this approach couldmuhately not be undertaken.
Nevertheless, the SAXS scattering data still alllawvsome speculation about the structure
of hexameric ERGIC-53.

First, SAXS scattering data of dimeric ERGIC-53 4Hr solution was recorded at beamline
X33 of the Deutsches Elektronen-Synchrotron (DE&YJamburg, Germany (Blanchet

al., 2012). The molecular mass of the dimeric protes estimated to ~100 kDa using
Guinier analysis implemented by AUTORG (Petoukkbal, 2007) and comparison of the
scattering intensity of the extrapolated intengitgero angle 1(0) with a BSA standard, a
value corresponding well with the theoretical malac mass of dimeric ERGIC-53 4H+L.
The maximum intramolecular distancgRof the particle was determined to be ~21 nm
using GNOM (Svergun, 1992) and the paired distalsteibution function clearly indicates
the presence of two domains (figure 15a,b).

In addition, solution scattering data of the ERGIE4H+L dimer in complex with native
MCFD2 was recorded. An increased molecular mas42® kDa was determined, while the
maximum distance R remained approximately the same. The distributfantramolecular
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paired distances however differs strongly from tiztiined for the dimeric protein alone, as
it does not show the clear presence of two domhirts;ather a shape resembling a rod-like
structure (figure 15a,c). This observation coulckelained by MCFD2 being placed in
between the two domains, thereby obscuring thearsge peaks.
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Figure 15: Solution small angle X-ray scattering of ERGIC-&8.Solution scattering data of dimeric ERGIC-
53 4H+L alone and in complex with MCFD2 collectéde@amline X33 of DESY. The logarithm of the
scattering intensity is plotted as a function ofmemtum transfer s=sin@)/\, where® is the scattering angle
andX is the X-ray wavelengttib and c) Paired distance-distribution functions of dimd&RGIC-53 4H+L
alone and in complex with MCFD2, respectivét)) Solution scattering data of hexameric ERGIC-53 4H
collected at beamline P12 of DES(¥) Paired distance distribution function of hexam&RGIC-53 4H. Note
that a comparison of the scattering intensity vglidl as the scattering data was recorded at tiferelint
beamlines.

By comparing the two shapes obtained fralmnitio modelling, we aimed to determine the
location of the ERGIC-53 CRD within the low-resabut shapes. The difference density
obtained from the subtraction of the ERGIC-53 mdteh the complex model could allow
for the placement of MCFD2, and therefore veryljikidso identify the approximate position
of the ERGIC-53 CRD, since the complex structunea$f described (Nishiet al, 2010;
Wigrenet al, 2010). To achieve this, low-resolution shapeswemputecb initio based
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on the scattering data of both the dimeric ERGIGIE3L as well as dimeric ERGIC-53
4H+L in complex with MCFD2. This analysis was penfied using DAMMIF (Franke &
Svergun, 2009) and a P2-symmetry was imposed ftiregul fit-values as reported by
DAMMIF of 0.0195 and 0.0158, respectively. One epbaof a shape of both dimeric
ERGIC-53 4H+L and its complex with MCFD2 is showrfigure 16. Both models comprise
an elongated shape with similar dimensions andeiidadditional electron density is
observed in the centre of each subunit.

As the CRD in complex with MCFD2N has been shown to be monomeric in the absence of
the oligomerisation domain, it is assumed to beesgmted by the extremities of the low-
resolution models and was manually placed therggudCSF Chimera (Pettersenal,

2004). While the location of the CRD can be idéeifin these two shapes, the variability of
other obtained shapes prevents us from drawingdsooinclusions from this approach.

SAXS data of hexameric ERGIC-53 E5 in solution e recorded at beamline P12 of
DESY (Blancheet al, 2015). The molecular weight of the particlestiraated to ~320 kDa,
again confirming the hexameric nature of ERGIC3thermore, the paired distance
distribution function indicates the presence ofidtirtlomain protein with a [ of ~22 nm
(figure 15d,e)

Ab initio low-resolution shape determination was performeszeld on these recordings as
well, and a P6 symmetry was enforced. The computasulted in two structurally distinct
shapes, both of which fit the scattering data sirtyilwell with fit-values as reported by
DAMMIF of 0.0422 and 0.0446, respectively. Whileapk 1 resembles a bouquet of flowers
with elongated stems and a crown, shape 2 candeeiloied as a planar disc with spherical
elements protruding from its side (figure 16). Todume of the protrusions of both models
allows for a good fit of one CRD molecule.

While these models provide some insight into thesjide structure of hexameric ERGIC-53,
they would have to be rigorously validated usirtgeoiavailable structural information and,
while the high-resolution crystal structure of (D is available, any sound interpretation
of theab initio models is prohibited by the lack of structuraledat the oligomerisation
domain. This would not necessarily be a limitingtéa for the interpretation of a monomeric
model, but since no structural information on tegdmeric protein is available, further
modelling of the oligomerising region of ERGIC-58domes cumbersome and unreliable.
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Figure 16: Low-resolution shapes obtainel initio based on the scattering data of dimeric ERGIC8L4in
complex with MCFD2 and hexameric ERGIC-53 4H. Thesirations on the right are rotated 90° arourd th
horizontal axis.
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3.4.6 Cryo-EM

To further supplement our X-ray based structuradiss of ERGIC-53, attempts to obtain a
low-resolution structure of the hexameric ERGICHyZXryo-electron microscopy were also
initiated. Initial experiments proved the proteirbe suitable for cryo-EM studies and images
were recorded at a magnification of 60 000x, clesinowing single particles embedded in
ice (figure 17). To our surprise however, thesaltesvere not reproducible with the
subsequent protein preparations and their vittifoa and cryo-EM studies were therefore
not continued.

Figure 17: Hexameric ERGIC-53 4H+L embedded in ice, recowteal magnification of 60 000x using cryo-
EM. The lower panel shows a schematic interpretaifahe different particles.

3.4.7 Modelling of the ERGIC-53 Oligomerisation Domain

In order to facilitate further analysis of the poeisly describe@b initio model of hexameric
ERGIC-53 derived from the SAXS studies, we aimeprtmuce a model of the
oligomerisation domain using the protein strucpnediction services QUARK (Xu &

Zhang, 2012) and Robetta (Ran&ral, 2009). Since no structural template of any
homologous molecule is available, the structuresased on the amino acid sequence only.
Five of the most structurally diverse examples ftbmten models obtained from each
prediction server are visualised in figure 18.

The QUARK-models resemble each other in their é&chire as they all comprise an
elongated, ~90 A long, coiled-coil region encompagthree helices and the most N-
terminal helix most often aligned diagonally to dméled-coil. In contrast to this, the models
obtained from Robetta exhibit larger differencethigir structures. While the most common
model displays two stacked coiled-coil regions emgassing two helices, some models
display a four-helix bundle, and one model is casgat of a five-helix bundle. All models
are completely-helical, which is in agreement with data we hav&amed from circular
dichroism experiments (Wigren, 2012).

A rough estimate of whether these models couldmbkethe actual structure of the
ERGIC-53 oligomerisation domain can be performesedan the low-resoluticab initio
shapes obtained from SAXS experiments. Shape lagspn oligomerisation region
extending over approximately 160 A, which is lontiem any model predicted by either the
QUARK or Robetta algorithm. In shape 2, the distaranging from termini of the CRD to
the centre of the inner disc is approximately 8@l would therefore correspond better to
the length of the models obtained from the QUARgodathm. This approach has however to
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be considered very hypothetical, as it is basetivonexperimentally unverified, modelled
systems

QUARK

50 A

Robetta

Figure 18: A selection of models of the ERGIC-53 oligomeimaidomain produced ke novostructure
prediction using the QUARK and Robetta servers. Mbeels are represented as rainbow-coloured cartoon
with the N-terminus in blue and the C-terminused.r

One can attempt to use a very different perspettidscuss the role of hexameric
ERGIC-53 in the cell by applying our current bidkag and structural knowledge of the
assembly of the COPII-coat proteins, and of theagwdes transporteda ERGIC-53 within
secretory vesicles.

Recent cryo-EM studies of the COPII-cage revedieduter layer of the cage, consisting of
the Sec13-Sec31 complex, to be a cuboctahedroravdiiimeter of 600 A, which is
comparable to the diameter of COPII-coated vesmeservedn vivo (Stagget al, 2006).

The arrangement of the Sec13-Sec31 complex sedmesnmdular and expandable to
accommodate different cargo sizes. The inner layleich is recruited to the ER membrane
by the GTPase Sarl and interacts directly withotiter layer (Leet al, 2004), consists of
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the Sec23-Sec24 complex, and Sec24 has been shd&résponsible for binding to cargo
proteinsvia anterograde ER transport motifs (Nishimura & Balk997; Sato & Nakano,
2002; Wendeleet al, 2007). Recently, it has been suggested thataiyo receptor proteins
might have a role in directing the structure of @@PII-cage (Girkapt al, 2006).

On the lumenal face of the membrane, ERGIC-53 dsissnnto hexamers. As we have
demonstrated, the hexameric protein itself hasxirman diameter of ~220 A, about a third
of the diameter of the COPII-cage. Only a partigstal structure of the coagulation factor
FVIII, which is a 267 kDa protein recognised by BR&3, is available (Sheet al, 2008).
However, even this available part, which is lackimg major B-region, already has a
maximum dimension of ~250 A. It is therefore puzglto imagine how ERGIC-53 and its
bound cargo proteins could fit into COPII-coatedigies of ~500 A diameter, especially
when taking into consideration the fact that hexa&aeRGIC-53 can potentially bind up to
six cargo-molecules simultaneously. ERGIC-53 migktefore indeed play a role in the
expansion of the COPII-cage to allow for the effitipackaging of larger cargo molecules,
and it can be speculated that the hexameric om@j#onsof the protein translates across the
membrane and enforces a rearrangement of the QRdins to enforce such an expansion
(figure 19)

<> Secl3-Sec31
== Sec23-Sec24 i

£

ER\\ cytosol

Figure 19: A proposed model for the expansion of COPII-co&tsicles by the incorporation of ERGIC-53.
Binding of hexameric ERGIC-53 might lead to confational changes of the Sec23-Sec24 comyea
translation of the hexameric arrangement of ERGQ@e3he cytosolic face of the vesicles.

A major unresolved question concerning the oligogcERGIC-53 is why the protein cannot
effectively transport even smaller cargo proteings dimeric state. It does not seem
plausible that the cell would have an as-yet unknovechanism to actively hinder dimeric
ERGIC-53 from being packed into secretory vesiclégre is however evidence
emphasising a key role for glycoprotein receptors @her proteins interacting with Sec24 in
the assembly of the coat protein complex (Ariebal, 1999). Accordingly, failure of
ERGIC-53 to hexamerise might lead to the aberrgmbgure of the cytoplasmic transport
motif with regards to the location of Sec24 andebyg to an interaction that is too weak for
both the efficient assembly of the coat-protein ptaxes and for ERGIC-53 to be efficiently
packed into vesicles. According to this speculatieRGIC-53 would actively partake in the
assembly of the COPII-cage. The binding affinitysaic24 to the cytosolic di-acidic transport
motif is, to our best knowledge, yet to be detesdin
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If it is indeed the case that hexameric ERGIC-53draadvantage over smaller oligomers of
the protein when it comes to incorporation into d&@Bated vesicles, then this raises the
possibility that a factor on the lumenal face & ER membrane extorted some selective
pressure onto ERGIC-53 to form hexamers. Obviondidates to enact such a selective
pressure are the cargo proteins transported by ERGI

One interesting case to argue for a selective presswards hexameric ERGIC-53 are the
studies performed in the laboratory of R. Sitiaghiret al, 2007, 2015; Cortini & Sitia,
2010), which showed that the controlled polymeiasaand secretion of hexameric IgM
relies directly on its interaction with hexameriR&IC-53. Their findings show that a
conserved N-linked glycan on the C-terminal tatdpi®ef secretory chains is recognised by
ERGIC-53, and that the removal of this glycan distuthe interaction with ERGIC-53 and
leads to larger polymeric IgM-assemblies. Theselt®suggest a possible function of
ERGIC-53 as a platform governing the assembly séheeric IgM.

With regards to the other cargo molecules of ERG3Ghat have been thus-far identified, its
hexameric organisation does not seem to play anmaargo recognition, as neithet-
antitrypsin, Cathepsin C and Z, nor Mac2-bp reqtliesr presence as oligomers to enact
their function.

Additionally, it is intriguing that ERGIC-53 doestseem to be essential for the secretion or
assembly of the blood coagulation factors. Whilgations in ERGIC-53 or MCFD2 lead a
combined deficiency of the blood coagulation fegtdrand VIII (F5F8D), patients carrying
this disease still have blood levels of these pmstat 5-30 % of the normal levels (Nichels
al., 1998), suggesting that exit of native FV andIFi¥dbm the ER can also occura the
bulk-flow mechanism (Wielandt al, 1987; Thoet al, 2009).

One could therefore speculate that the primarytfonof hexameric ERGIC-53 is to assist
the correct assembly of IgM, whose correct andieffit synthesis is of tremendous
importance to protect the human body from invapa#hogens, and that other proteins may
merely have developed the ability to usurp the ioncof ERGIC-53, in order to themselves
be transported more efficiently from the ER aldmg $ecretory pathway.

46



4 CONCLUSIONS

Within this thesis project, a number of proteingired in glycoprotein transport and
processing in the early secretory pathway have beestigated. X-ray crystallographic
studies allowed us to determine the structure®thf Brv41p and Ktrp4, and small-angle X-
ray scattering experiments performed with ERGIGQ3&@e new insights into the shape of this
protein in its functional, hexameric form. Additairbiochemical and biophysical methods
have been applied to further characterise eackiprot

X-ray crystallographic studies of Erv41p led to fingt structure of any member of the class
of ER vesicle proteins, and analyses of the sufaggerties of the protein's structure
together with sequence comparisons with its hommeded us to propose a possible site of
interaction with other proteins. Almost the engref one face of the protein is negatively
charged, and this large surface clearly provideampts to hypothesise about its potential as a
protein-protein interaction interface. We alsoraftéed to determine the crystal structure of
the binding-partner Erv46p, but have unfortunabegn unsuccessful. We have however
been able to show a direct interaction between Ernahd Erv46p by SPR experiments. As
the two proteins act in concert when transporti@grtcargo, further insight into the structure
of Erv46p and the Erv41p/Erv46p complex is of girtdrest to completely understand the
mechanism of protein binding and release by thesteips in the different compartments of
the early secretory pathway.

During the course of these studies, Ktr4p was ifiedtas the first protein known to be
transported by the ER vesicle protein complex,\aadhave therefore also investigated its
structure and function. The structure of the apmigin, as determined by X-ray
crystallography, shows that it belongs to the Glasily of glycosyltransferases, and the
structure of Ktr4p in complex with GDP and #Mncombined with its similarity to the
previously characterised homologue Kre2/Mntl, tethe hypothesis that it acts as a
mannosyltransferase. Our biochemical analysiseot#talytic activity confirmed that this is
indeed the case. The relatively poor activity & ¢éimzyme towards the provided substrates
however led us to conclude that the experiments werformed with incomplete and/or
inadequate donor-substrates. Attempts to identiffngeraction between Ktr4p and an array
of complex, branched mammalian glycans were natessful, and the precise substrates of
the enzyme in the Golgi apparatus therefore retodie elucidated.

The protocols we have developed for the recombiparttuction of Erv41p and Erv46p in
insect cells, as well as of Ktr4p i coli, will allow for further, detailed interaction stieg
between the Erv41p/Erv46p complex or its individeahponents with Kir4p. Such studies
could provide more insight into the mechanism otgin capture within the ER and release
within the Golgi apparatus, and thereby increaseinderstanding of the mechanisms
involved in protein transport between the orgasetiethe early secretory pathway.
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Our attempts to determine the structure of Erv4@pthe lumenal part of ERGIC-53 led to
the identification of a common crystallisation aiminant, present after the purification of
the two recombinantly expressed proteins that weceeted by the insect cells into the
medium. The expression hadstni, and specifically its ovarian cell line High Fivs,
becoming more popular as it allows for the producbf many eukaryotic proteins whose
expression fails in the more traditional express$iostE. coli. We show that ferritin is a
contaminant from the High Five strain that is prémerystallise even in minute amounts,
and warn about its deceiving presence.

Our biophysical and biochemical studies performét different oligomeric states of
ERGIC-53 shed light on its mechanism of oligomeiasa We show that the oligomerisation
is independent of disulfide-bond formation, and @sults are in agreement with Neateal,
but contradict those of Appenzelietral. and Lahtineret al. While these three studies have
been performedah vivo, ourin vitro experiments allow us to exclude significant fastiiat
may influence the assembly of ERGIC-53. In addijtiwva show that MCFD2 does not
promote the oligomerisation of ERGIC-53, but thauinfolded N-terminal tail does interact
with ERGIC-53 when the oligomerisation domain isgemt. By studying dimeric and
hexameric ERGIC-53 with small-angle X-ray scatgnve were able to propose a low-
resolution shape for the dimeric protein, and twteptial shapes for the hexameric protein.
The exact structure of the oligomerisation domsuistill unknown, and only structural
information from this domain in its oligomeric statould finally put an end to the
discussion about the oligomerisation of ERGIC-53.

Overall, the structural, biophysical and biocherngwlyses of this work have led to new
insights into glycoprotein transport and processirite early secretory pathway, and will
enable future studies that will hopefully yieldull finderstanding of each of the individual
proteins described here, their roles in the celltheir links to disease.
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