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Summary

Summary

The Golgi apparatus is the main transport and sorting hub of the Secretory Pathway. Here,
newly synthesized proteins that have arrived from the Endoplasmic Reticulum travel through
the Golgi stack and are sequentially modified before they reach the trans-Golgi network
(TGN). At the TGN proteins are sorted into specific vesicles and transported to other
compartments or out of the cell. In general, these processes have been well described for e.g.
transmembrane proteins or lysosmal hydrolases; however, how soluble secretory molecules
are transported through the Golgi apparatus and packed into secretory vesicles is still elusive.
Recently, our lab has identified a Ca**-based sorting mechanism for soluble secretory proteins
via the TGN-luminal EF-hand Ca**-binding protein Cab45. Thereby, Ca** that has been
locally pumped into the TGN by the Ca’*-ATPase SPCA1 leads to the oligomerization of
Cab45 and the concentration of bound cargo proteins like lysozyme C. In a so far unknown
manner, these Cab45-client-complexes are sorted into specific sphingomyelin(SM)-rich
vesicles and secreted from the cell. Within the scope of my thesis, I further elucidated this
sorting process. I showed that Cab45 is phosphorylated on five specific residues by the Golgi
kinase Fam20C, which is important for cargo sorting at the TGN. Moreover, I proved that
mimicking of phosphorylation disassembles Cab45 oligomers and translocates Cab45 into
TGN-derived SM-rich vesicles. Altogether, my results demonstrate that phosphorylation of
Cab45 by Fam20C regulates its TGN-retention, the entry into secretory vesicles and as a
consequence actively drives the export and secretion of its clients.

Notwithstanding the above, we were additionally interested if Ca** might be also involved in
the transport of soluble secretory proteins through the Golgi apparatus. Analogous to Cab45,
we revealed that another Ca?*-binding protein nucleobindin-1 (NUCBI1) exhibits a similar
Ca**-based mechanism for the transport of these molecules. NUCBI, that localizes at the cis-
Golgi binds Ca** with its EF-hand domain, thereby changes its secondary structure and so
directly interacts with cargo proteins e.g. matrix metalloproteinases (MMPs). As a
consequence, NUCBI expression significantly drives intra-Golgi transport of MMP2 and was
further necessary for proper cell migration and matrix invasion of MDA-MB-231 cells and
human macrophages.

Overall, our results reveal the relevance of Ca’" in the transport and sorting of soluble
secretory molecules at the Golgi apparatus. Furthermore they give new insights into how these

proteins are properly transported and secreted, despite missing cargo sorting receptors and



Zusammenfassung

recognition motifs.

Zusammenfassung

Der Golgi-Apparat ist der Hauptknotenpunkt im biosynthetischen Proteintransport. Vom
Endoplasmatischem Retikulum kommende, neusynthetisierte Proteine, die durch den Golgi-
Komplex transportiert werden, werden hier schrittweise modifiziert und erreichen schliefflich
das trans-Golgi-Netzwerk (TGN). Im TGN werden Proteine in spezifische Vesikel gepackt
und zu anderen Organellen oder aus der Zelle transportiert. Wahrend diese Prozesse fiir z.B.
Transmembranproteine oder lysosomale Hydrolasen gut erforscht sind, ist nicht bekannt wie
losliche  sekretorische Proteine durch den Golgi-Apparat transportiert und in
Sekretionsvesikel verpackt werden. In den letzten Jahren erforschte unser Labor einen Ca*'-
basierten Sortierungsmechanismus fiir 16sliche sekretorische Proteine iiber ein TGN-
luminales, Ca**-bindendes Protein, Cab45. Dabei, oligomerisiert Cab45 mittels Ca**, das tiber
die Ca**-ATPase SPCAL1 in das TGN gepumpt wurde und konzentriert so zu transportierende
Proteine wie beispielsweise Lysozym C. In einem bisher unbekannten Mechanismus, wird
dieser Cab45-Fracht-Komplex in spezifische Sphingomyelin(SM)-reiche Vesikel sortiert und
aus der Zelle sekretiert. Im Rahmen meiner Doktorarbeit entschliisselte ich diesen
Sortierungsprozess weiter. Diesbeziiglich konnte ich zeigen, dass Cab45 durch die im Golgi
lokalisierte Proteinkinase Fam20C an finf spezifischen Aminosduren phosphoryliert wird
und dabei signifikant zur Sortierung im TGN beitragt. Zudem konnte ich verdeutlichen, dass
die Nachahmung dieser Phosphorylierungen zu einer Auflosung der Cab45-Oligomere und
weiter zur Um-lokalisierung von Cab45 in vom TGN-stammende, SM-reiche Vesikel fiihrt.
Zusammenfassend zeigen meine Ergebnisse, dass die Phosphorylierung von Cab45 durch
Fam20C dessen Retention im TGN, sowie die Verpackung in Sekretionsvesikel reguliert und
somit aktiv den Export und die Sekretion von Proteinen steuert.

Unabhingig davon waren wir interessiert daran, ob Ca®* ebenfalls Einfluss auf den Transport
von loslichen sekretorischen Proteinen durch den Golgi-Apparat hat. Dabei enthiillten wir
einen vergleichbaren Ca’*-basierenden Mechanismus fiir den Transport solcher Proteine.
Analog zu Cab45 konnten wir nachweisen, dass Nucleobindin-1 (NUCB1), ebenfalls ein Ca**-
bindendes Protein im cis-Golgi, Ca** mittels seiner EF-Hand-Domidne bindet, die

Sekundirstruktur dndert und so direkt mit Proteinen wie z.B. Matrixmetalloproteinasen



Zusammenfassung

(MMPs) interagiert. Insgesamt zeigte sich, dass die Expression von NUCBI essentiell fiir den
intra-Golgi Transport von MMP2 und zudem fiir die Migration und Matrix-Invasion von
MDA-MB-231 Zellen und humanen Makrophagen notwendig ist.

Alles in Allem legen unsere Ergebnisse die Notwendigkeit von Ca** fiir den Transport und die
Sortierung von loslichen sekretorischen Proteinen dar. Sie beschreiben weiterhin eine neue
Moglichkeit wie diese Proteine trotz fehlender Sortierungrezeptoren sowie

Erkennungssequenzen gezielt transportiert und sekretiert werden.



Introduction

1. Introduction

1.1 Compartmentalization - the requirement for protein distribution

The cell is considered as the smallest viable unit of life (Campbell 2008). Originated from a
simple cellular ancestor, evolution including mutations and endosymbiosis led to the
formation of the three domains and the development of complex eukaryotic cells (Archibald
2015; Brown and Doolittle 1997; Delaye and Becerra 2012). Over hundred of millions of years,
eukaryotic cells have developed membrane-bound organelles that allow them to physically
separate and improve the efficiency of their biochemical reactions, but also to elaborate
defined cross-talk signaling networks (Diekmann and Pereira-Leal 2013; Koonin 2010).
However, intracellular compartmentalization is also challenging, as organelles require a
crucial set of biological macromolecules, ions as well as the correct pH to maintain a proper
functional environment (Alonso et al. 2017b; Bohnsack and Schleiff 2010; Garcia-Moreno
2009; Van Meer et al. 2008; Xu, Martinoia, and Szabo 2016). Therefore, e.g. newly synthesized
proteins have to be transported within the cell and translocate into the destined organelles,
where they can fulfill their biological functions (Gabaldén and Pittis 2015). Eukaryotic cells
have overcome this problem by an endomembrane system called the Secretory Pathway
(Dacks, Peden, and Field 2009; Field and Dacks 2009). The Secretory Pathway - composed of
the Endoplasmic Reticulum (ER), the ER-Golgi intermediate compartment (ERGIC), the
Golgi apparatus, the trans-Golgi network (TGN) and post-Golgi vesicles - is responsible for
the distribution of proteins and lipids to various destinations within and out of the cell (see
Figure 1) (Farhan and Rabouille 2011; Lippincott-Schwartz, Roberts, and Hirschberg 2000).
Along the Secretory Pathway, lipids and proteins are stepwise moved and further modified, a
process that requests the recognition, segregation, congregation and transport of those
molecules (Barlowe and Miller 2013; Kienzle and von Blume 2014; Matlin and Caplan 2017;
Pakdel and von Blume 2018).

The following introduction will especially highlight how proteins are transported and
modified within the Secretory Pathway. Particularly, it will focus on the transport and the
sorting-dependent recognition of proteins in the Golgi complex.

By addressing the anterograde transport, the ER is the first component of the Secretory

Pathway.
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Figure 1: Scheme of the Secretory Pathway - the distribution trail of the cell. After translocation into the ER,
correctly folded proteins, together with lipids, are packed into COPII vesicles and are transported across the ER-
Golgi intermediate compartment (ERGIC) to the cis-face of the Golgi apparatus. By migrating through the
different Golgi cisternae, proteins and lipids are further modified before they reach the trans-Golgi network
(TGN). At the TGN, cargos are sorted into transport carriers, e.g. CCVs and transported to their final
destination: to the basolateral or apical membrane, to endosomes and lysosomes or are stored in specific
granules. Besides this anterograde transport, the retrograde trafficking of e.g. specific Golgi enzymes or ER-
resident proteins is mediated by COPI vesicles. Abbreviations: ER (Endoplasmic Reticulum); COPI + II
(coatomer protein complex I + II); CCV (clathrin-coated vesicles). Figure created according to Pakdel and von
Blume 2018.
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1.2 The Endoplasmic Reticulum

1.2.1 Protein translocation into the ER

As part of the Secretory Pathway, the Endoplasmic Reticulum (ER) has a multitude of
functions, including protein and lipid synthesis, protein folding, modification or quality
control (Alberts et al. 2002; Schwarz and Blower 2016).

Whereas lipids are de novo synthesized in the lumen of the ER, protein translation takes place
in the cytoplasm of the cell. Therefore, around one third of all cellular proteins that are
predestined for the Secretory Pathway initially have to translocate across the ER membrane
(Alberts et al. 2002; Nyathi, Wilkinson, and Pool 2013; Reid and Nicchitta 2015). In this
regard, most of the Secretory Pathway proteins carry a N-terminal signal peptide (SP) and are
co-translationally translocated into the ER by interaction with the signal recognition particle
(SRP) (Janda et al. 2010). Binding of SRP arrests protein translation and guides the translation
machinery to the ER membrane, where it enters the compartment by proceeding translation
(see Figure 2A) (Gilmore, Walter, and Blobel 1982; Halic and Beckmann 2005; Linxweiler,
Schick, and Zimmermann 2017).

Alternatively, some proteins whose SPs are either to short or not sufficiently hydrophobic to
be recognized by the SRP enter the ER post-translationally, after termination of protein
translation (see Figure 2B). Accordingly, these fully synthesized polypeptides are protected by
HSPs' that prevent aggregation and self-folding within the cytosol and furthermore transport
them to the ER membrane (Craig 2018; Jan, Williams, and Weissman 2014; Johnson, Powis,
and High 2013). In both processes, proteins enter the lumen of the ER through the translocon,
a pore-forming Sec61/62/63 protein channel (Aviram and Schuldiner 2017; Linxweiler et al.
2017).

The insertion of transmembrane proteins into the ER is much more complex and can take
place via both mechanisms: co-translationally via SRP that also recognizes transmembrane
domains or post-translationally as shown for tail-anchored (TA) proteins. In this case, TA
proteins are bound by TRC40? which transports the polypeptide to the ER membrane, where

it interacts with receptors WRB’ and CAML". Subsequently, transmembrane proteins are

! HSP = Heat shock protein

2 TRC40 = Transmembrane domain recognition complex 40 kDa
> WRB = Tryptophan-rich basic protein

* CAML = Ca*"-modulating cyclophilin ligand
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inserted into the membrane bilayer in a multi-step process (Daniels et al. 2003; Shao and

Hegde 2011; Stefanovic and Hegde 2007; Yamamoto and Sakisaka 2012).

A) SRP-mediated co-translational translocation B) Post-translational translocation

Figure 2: Protein translocation into the ER. (A) Proteins that enter the Secretory Pathway in a co-translational
process are recognized by the signal recognition particle (SRP) in their emerging N-terminal signal peptide (SP,
yellow). This interaction pauses the translation and brings the RNA-ribosome-polypeptide complex to the ER
membrane. GTP-dependent interaction between SRP and the SRP receptor (SR) guides the translation
machinery to the Sec61/62/63 pore-forming translocon complex. Upon GTP-hydrolysis, SRP and SR dissociate,
translation proceeds and the protein is “pushed” into the lumen of the ER. (B) Post-translational translocation
occurs after protein translation. Therefore, the protein is bound by heat shock proteins (HSPs), which prevent
protein aggregation and folding in the cytosol. Similarly, these polypeptides are guided to the Sec61/62/63
translocon complex and enter the ER. Thereby luminal HSPs, e.g. HSP70 BIP are “pulling” the polypeptide
through the channel into the lumen. Figure created according to Johnson et al. 2013 and Linxweiler et al. 2017.

1.2.2 Protein processing, modification and folding

To be functional, unfolded proteins that have entered the lumen of the ER have to be further
processed, modified and folded. In this regard, the ER provides an optimal milieu with an
incredible number of different enzymes and chaperones (Araki and Nagata 2012). Among
them are the signal-peptidase complex, which cleaves the N-terminal SP from the protein or
the membrane-bound OST” that transfers Glc;ManyGlcNAc, to asparagine residues in a
specific Asn-x-Ser/Thr motif (with x as any amino acid, except of prolin) in around 90 % of all
glycoproteins (Barlowe and Miller 2013; Bieberich 2014; Helenius and Aebi 2004).
Furthermore, several (co)chaperones (e.g HSP70 BiP°, HSP90, HSP40), oxidoreductases (e.g.
PDY’) or peptidyl prolyl cis/trans isomerases (e.g. FKBPs®) act together in a very complex way,

responsible for the modification, remodeling and folding of the protein (see Figure 3) (Blair et

> OST = Oligosaccharide transferase

¢ BiP = Binding immunoglobulin protein
7 PDI = Protein disulfide isomerases

¥ FKBPs = FK506-binding proteins
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al. 2015; Braakman and Bulleid 2011; Ellgaard et al. 2016; Ghartey-Kwansah et al. 2018;
Gonzalez, Pal, and Narayan 2010; Simmen et al. 2010).

HSP70 BIP

signal-peptidase
complex

“‘,.“.- l SSEgEaS ‘Q:
Cytosol

Figure 3: Processing, modification and folding of translocated proteins. Immediately after passing the Sec61
translocon, a multitude of ER enzymes are acting on the entering protein. In this regard the polypeptide is bound
by heatshock proteins (HSPs), e.g. HSP70 BIP to prevent aggregation of hydrophobic regions and the signal
peptide (SP, yellow) is cleaved by a specific signal-peptidase. Moreover, N-linked oligosaccharides are covalently
attached on asparagine residues (light green) in a specific N-x-S/T motif, mediated in a single enzymatic step by
the membrane-bound oligosaccharide transferase (OST). Overall, several other enzymes e.g. chaperons like HSPs
that fold the protein or protein disulfide isomerases (PDIs) that form disulfide bonds ensure the correct native
state of the protein. Figure created according to Barlowe and Miller 2013.

1.2.3 Protein quality control and degradation

For proper folding, proteins need a correct set of post-translational modifications, e.g.
glycosylation or the formation of disulfide-bonds (Helenius 1994; Kosuri et al. 2012).
However, besides its structural functions, glycosylation is also used to activate and control the
folding process of the proteins in several rounds by the interplay of glucosidases, folding
chaperons and glucosyltransferases (Helenius and Aebi 2004; Xu and Ng 2015). Hereof, the
removal of terminal glucose residues from GlcsManyGlcNAc, by GI and II” recruits the lectin-
like ER chaperons CNX'" and CRT" for protein folding (Araki and Nagata 2012).
Subsequently, the glucosyltransferase UGGT " that controls the folding status of the
polypeptide, re-glucosylates the N-glycans if necessary and passes the protein through another
CNX/CRT folding cycle (Caramelo and Parodi 2008). Finally, correctly folded proteins are

® GI and II = Glucosidase I and 11

'” CNX = Calnexin

" CRT = Calreticulin

2 UGGT = UDP-glucose:glycoprotein glucosyltransferase
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processed by ERManI" that cleaves a mannose residue from the N-glycan (see Figure 4) (Xu

and Ng 2015).

gene transcription 26S proteasome

HRD complex

ER exit
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Figure 4: Protein quality control in the Endoplasmic Reticulum (ER). Protein folding can be controlled in a
glycan-dependent way. (1) N-glycans of unfolded proteins are cleaved by glucosidase I and II (GI; GII), which
recruits the lectin-like folding chaperons calnexin (CNX) and calreticulin (CRT) for folding, and GII for further
processing (2). Subsequently, the glycosyltransferase UGGT controls the protein structure (3). In case of correct
protein folding, N-glycans of those proteins are further trimmed by ER mannosidase I (ERManl) (4), which
marks the proteins for ER exit and transport to the Golgi apparatus from special ER exit sites (ERES), positive for
Secl6. In contrast, incorrectly folded proteins are re-glycosylated by UGGT and passing through another
CNX/CRT- folding cycle (5). This cycle can be repeated several times (5). Finally, proteins that do not gain their
native structure are degraded via ER-associated degradation (ERAD). Therefore, proteins are “marked” by
clipping their mannose residues via EDEM2, EMEDI and 3 (6, 7). This is leading to a single a-1,6-linked
mannose residue (highlighted red in legend), which is recognized by proteins of the HRD complex for
degradation via the 26S proteasome. Additionally, ER stress due to overload of the ER folding capacity, actives
the unfolded protein response (UPR), mediated via the ER-membrane proteins PERK, IRE1 and ATF6 that
induce expression of proteins involved in folding and degradation. Abbreviations: UGGT (UDP-
glucose:glycoprotein glucosyltransferase); EDEM (ER degradation-enhancing a-mannosidase-like protein); HRD
(HMG CoA reductase); PERK (protein kinase R-like ER kinase); IRE1 (inositol-requiring enzyme 1); ATF6
(activating transcription factor 6). Figure created according to Xu and Ng 2015.

In contrast, the accumulation of unfolded or aggregated polypeptides is leading to ER stress, a

condition where the folding capacity of the ER is saturated (Lin, Walter, and Yen 2008). This

3 ERManl = Endoplasmic Reticulum mannosidase I
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is crucial, as misfolding and structural defects are associated with many diseases e.g.
Parkinson’s and Alzheimer’s disease (Valastyan and Lindquist 2014; Wang and Kaufman
2016). To overcome this problem, cells activate the unfolded protein response (UPR) - a series
of mechanisms and signaling crosstalks that are involved in the activation of three major ER-
membrane proteins; PERK'", IRE1" and ATF6 "°. Their aim is to downregulate the global
protein synthesis, to increase the expression of relevant UPR proteins e.g. chaperons or
glycosylation enzymes and to mediate the ER-associated degradation (ERAD) of misfolded or
aggregated proteins (see Figure 4) (Hetz 2012; Liu and Kaufman 2003).

During ERAD, N-linked glycans of misfolded proteins are clipped by EDEM1'" and EDEM3.
As a consequence, these “marked” proteins are translocated back into the cytosol by passing
through a membrane channel formed by the multi-spanning HRD" complex (Clerc et al.
2009; Xu and Ng 2015). In a multistep mechanism, proteins are polyubiquitinated and further

degraded by the 26S proteasome (see Figure 4) (Wu, Rapoport, and Avenue 2018).

1.2.4 ER exit of proteins and lipids via COPII vesicles

However, as most of the proteins have achieved their correct modification and folding, non-
resident ER proteins can be further transported along the Secretory Pathway via coatamer
protein II (COPII) vesicles (see Figure 5) (Gillon, Latham, and Miller 2012).

In general, vesicular transport requires the recruitment of cargo molecules and coat
components to the donor membrane, the formation and scission of the vesicle, followed by
the transport and fusion of the carrier with an acceptor membrane (Bonifacino and Glick
2004; Guo, Sirkis, and Schekman 2014).

COPII vesicles that mediate cargo transport to the Golgi apparatus are forming at specific ER
exit sites (ERES), positive for Sec16 (Kurokawa and Nakano 2019; Venditti, Wilson, and
Matteis 2014). Here, the GTPase Sarl that has been recruited to the ERES is activated by the
guanine nucleotide exchange factor (GEF) Secl2, which in turn brings the inner coat
components Sec23/Sec24 to the vesicle budding site (Hong 2005; Watson et al. 2006).

Interaction of this heterodimer with membrane components and cargo proteins stabilizes the

" PERK = Protein kinase R-like Endoplasmic Reticulum kinase

" IRE1 = Inositol-requiring enzyme 1

!¢ ATF6 = Activating transcription factor 6

7 EDEM = ER degradation-enhancing alpha-mannosidase-like protein
'8 HRD = 3-hydroxy-3-methylglutaryl (HMG) CoA reductase
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forming pre-budding complex and furthermore accumulates cargo molecules inside the
forming vesicle (Miller et al. 2003; Sato and Nakano 2007).

As a next step, coat proteins induce membrane curvature to accomplish vesicle formation. In
this regard, the outer coat components Sec13/Sec31 assemble, which results in the
polymerization of the inner and outer coat to a cage-like structure that bends the lipid bilayer
(Gillon et al. 2012; Jensen and Schekman 2011). After fission and transport along
microtubules, COPII vesicles reach the ERGIC (in mammalian cells), where they are captured
by tethering complexes e.g. TRAPPs19 at the acceptor membrane (Lupashin and Sztul 2005;
Sacher et al. 2001; Yu et al. 2006). Finally, vesicles fuse with the acceptor membrane upon
SNARE?0 pairing between one SNARE complex that is located on the vesicle (v-SNARE) and
three SNAREs on the target membrane (t-SNAREs). As a consequence, soluble cargo
molecules are released into the ERGIC/cis-Golgi (Cai, Reinisch, and Ferro-novick 2007; Hong
2005).

T transmembrane

proteins 8 @ ) COPIl vesicle
o @ soluble proteins ‘@‘@ﬁ
transmembrane @ 2 & ®
cargo receptors

Sar1-GDP

ER lumen/ERES

Figure 5: COPII vesicle formation at ER exit sites (ERES). Cargo molecules, destined for further transport to
the Golgi apparatus are congregated at Secl6 positive ERES. After recruitment of the guanine exchange factor
(GEF) Sec12 and the GTPase Sarl, Sarl is activated upon exchange of GDP to GTP. This brings the inter coat
proteins Sec23/Sec24 to the vesicle budding site, where they are interacting with cargo molecules and membrane
components to further stabilize the pre-budding complex. As a next step, the outer coat proteins Sec13/Sec31
assemble, which leads to the oligomerization of the inner and outer coat proteins and the formation of the COPII
vesicle. Finally, COPII vesicles bud off and are transported via microtubules to the ER-Golgi intermediate
compartment or the cis-Golgi, where they fuse with the acceptor membrane after tethering and SNARE pairing
(not shown). Abbreviations: COPII (coatomer protein complex II). Figure created according to Jensen and
Schekman 2011.

' TRAPPs = Transport protein particles
Y SNARE = Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
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1.2.5 Lipid synthesis and transport

In line with the results of this thesis, this introduction is predominately focusing on the
transport, processing and sorting of proteins along the Secretory Pathway. Nevertheless, the
ER is the main organelle for lipid synthesis, and lipids are essential for these processes
(Fagone and Jackowski 2009; Jacquemyn, Cascalho, and Goodchild 2017). Besides their
different functions, i.a. as signaling molecules or energy sources, lipids are also the main
component of cellular membranes (Casares, Escrib, and Rossello 2019). Membrane lipids
mainly grouped to sterols, sphingolipids and glycerophospholipids (GPLs), play an important
structural role and are involved in the sorting of molecules and the formation of transport
carriers by interacting with proteins (Coskun and Simons 2011; Harayama and Riezman
2018). Lipids within each group differ from each other as they vary in their fatty acid chain
length or the amount and position of double bonds. The hydrophilic head groups of
amphiphilic lipids can further be modified as seen for the five major mammalian GPLs -
phosphatidylcholine (PC), phosphatidylethanolamin (PE), phosphatidylserine (PS),
phosphatidylinositol (PI) and phosphatidic acid (PA) (van Meer and de Kroon 2011; Van
Meer et al. 2008). As most organelles have a defined lipid composition that is necessary to
maintain their cellular functions, not only proteins, but also lipids have to be distributed
within the cell (Balla, Sengupta, and Kim 2019; Jackson et al. 2016).

In this regard, lipids can be transported to target membranes via vesicular and non-vesicular
transport mechanisms (Funato, Riezman, and Muiiz 2019). Vesicular transport occurs as
described above via COPII vesicles, whereas the non-vesicular lipid transfer is mediated by
lipid transfer proteins (LTPs) mainly at membrane contact sites (MCS), which are formed
between the ER and several organelles or the plasma membrane (PM) (Funato et al. 2019; Lev
2010, 2012). One of the most investigated LTPs are the members of the StART?*' family, which
are involved in the lipid exchange between different organelles and different substrates, e.g.
the ER to Golgi transport of ceramide, mediated by STARD11* (also named CERT*) (Alpy

and Tomasetto 2005; Peretti et al. 2020).

! StART = Steroidogenic acute regulatory transfer
22 STARDs = StAR-related lipid transfer protein 11
» CERT = Ceramide transfer protein
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1.3 The ER-Golgi intermediate compartment

As mentioned by the name, the ERGIC was identified as a vesicular-tubular membrane
complex that localizes between the ER and the cis-Golgi in mammalian cells (Appenzeller-
Herzog and Hauri 2006). So far, the ERGIC is considered as an anterograde and retrograde
sorting station, positive for the transmembrane cargo receptor ERGIC-53 that mediates
sorting of soluble proteins into COPII vesicles at the ER (Barlowe and Helenius 2016; Saraste
and Marie 2016). Together with other cargo receptors, ER-proteins or COPII v-SNARES,
ERGIC-53 is recycled back to the ER via COPI vesicles, which form in a COPII vesicle-similar
way but have different components e.g. coat protein subunits (a/p/B’/e/y/8/C) or GTPase
(Arfl) (Arakel et al. 2018). Therefore, these cargo proteins share specific motifs in their
cytoplasmic tail or have a KDEL sequence for the interaction with KDEL receptors to be
packed into COPI vesicles (Gao et al. 2014; Jackson 2014; Kirchhausen 2000b). In plant as
well as yeast cells that do not have an ERGIC, the retrograde COPI vesicles bud off at the cis-
Golgi (Linders et al. 2019; Neumann, Brandizzi, and Hawes 2003).

By contrast, non-ER cargo molecules that arrive at the ERGIC are further transported to the
cis-Golgi. However, how these proteins reach the Golgi apparatus is controversial discussed
and might occur via vesicle transport or membrane fusion events (Appenzeller-Herzog and

Hauri 2006; Brandizzi and Barlowe 2013).

1.4 The Golgi apparatus

1.4.1 The composition of the Golgi apparatus

The Golgi apparatus embodies a highly dynamic and interconnected cellular organelle
(Droscher 1998; Golgi 1989; Presley et al. 1998). Besides its function in membrane transport -
the main aspect in this thesis - the Golgi apparatus also plays an important role in cell growth,
apoptosis or cell signaling (Zappa, Failli, and Matteis 2018). Therefore, it is noteworthy, that
the Golgi apparatus structurally can highly differ between eukaryotic cells (Munro 2011b).

Originally and generally described, the Golgi apparatus consists of multiple piled disk-like
compartments, the so-called cisternae that together form the Golgi stack. In mammalian cells,
several of these stacks additionally can be interconnected with each other to a Golgi ribbon
that localizes in the perinuclear region in close proximity to the microtubule-organizing
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center (MTOC) (Klumperman 2011). In this regard, the cytoskeleton-network not only plays
an important role in vesicle transport but also in positioning and structural support of the
Golgi apparatus, e.g. by CLASP*-dependent microtubules that form around the Golgi
membranes (Corthesy-Theulaz and Pfeffer 1992; Kulkarni-Gosavi, Makhoul, and Gleeson
2019; Miller et al. 2009; Sandoval et al. 1984). Furthermore, the Golgi complex is linked to the
cytoskeleton-network e.g. via microtubule-associated proteins like GMAP-210"° (Kulkarni-
Gosavi et al. 2019; Munro 2011b).

To maintain its structural organization, the Golgi apparatus is additionally stabilized by a
Golgi matrix, which includes i.a. Golgi-resident proteins of the GRASP* and golgin family
(see Figure 6) (Barinaga-Rementeria Ramirez and Lowe 2009; Xiang and Wang 2011).
GRASP55 and GRASP65, the first identified GRASPs, belong to a family of Golgi stacking
factors, as they tether two facing Golgi membranes upon trans-dimerization, and so stabilize
Golgi stacks and Golgi ribbons. Both are peripheral membrane proteins that attach to the
Golgi membrane by myrostoylation of a glycine residue and interaction with golgins
(Rabouille and Linstedt 2016). Golgins are large coiled-coil proteins that associate to the Golgi
membrane via its C-terminus. This interaction can either be direct via intrinsic
transmembrane domains or indirect via Rabs, ARL or ARF proteins that are recruited to the
Golgi membrane (Short, Haas, and Barr 2005). Beside their functions in vesicle tethering,
these proteins were also shown to have a structural role, e.g. Bicaudal-D that interacts with
microtubule motor protein dynactin (Chia and Gleeson 2014; Hoogenraad et al. 2003; Munro
2011a). Overall, knockdown or depletion of golgins (e.g. golgin-97, golgin-160), Rabs (e.g.
Rab2, Rab6), GRASPs (e.g. GRASP55, GRASP65) or motor proteins (e.g. dynein, dynactin) is
leading to Golgi fragmentation with disperse stacks (Rabouille and Linstedt 2016; Yadav and
Linstedt 2011).

Locally and functionally, the Golgi stack is divided into a cis-, medial-, and trans-Golgi,
whereas every section has a distinct protein composition as well as a different pH and ion

concentration, e.g. Ca** concentration (Kellokumpu 2019; Klumperman 2011; Li et al. 2013).

** CLASP = Cytoplasmic linker proteins-associated proteins
» GMAP-210 = Golgi microtubule-associated protein 210 kDa
¢ GRASPs = Golgi reassembly stacking proteins
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Figure 6: Structural composition of the Golgi apparatus. The Golgi complex, composed of a cis-/medial- and
trans-part as well as the trans-Golgi network (TGN), is formed by several cisternae that are stacked together. To
maintain its structural organization, the different cisternae are hold together by stacking proteins of e.g. the
GRASP family. In addition, golgin tethering factors, which are C-terminally anchored in the Golgi membrane
are essential for the highly dynamic character of the Golgi apparatus. By tethering of vesicles or other Golgi
cisternae, golgins are involved in vesicle fusion, ribbon formation as well as Golgi stacking. Abbreviations:
GRASPs (golgi reassembly and stacking proteins); ERGIC (ER-Golgi intermediate compartment). Figure
adapted from Barinaga-Rementeria Ramirez and Lowe 2009.

Considering its function in membrane trafficking, cargo molecules that entering at the cis-
part of the Golgi are transported through the medial-stack to reach the trans-Golgi and its
trans-most cisterna, called the trans-Golgi network (TGN) (Day, Staehelin, and Glick 2013).
This transport through the Golgi apparatus is highly regulated, as unique enzymes that differ
from cisterna to cisterna further modify cargo molecules in a sequential manner (Jackson

2009). But how is this intra-Golgi transport facilitated?

1.4.2 Intra-Golgi transport - a mystery

Although, its known for a long time that the Golgi apparatus plays a key role in the
modification, distribution and sorting of cargo molecules, the way how molecules are
transported within the Golgi is highly debated in the field and to some extend still a mystery
(Emr et al. 2009; Jamieson and Palade 1968; Marsh and Howell 2002; Pelham and Rothman
2000). Findings over the past decades led to different trafficking models, whereas all of them
have strengths but also weaknesses (Emr et al. 2009). In the following, the three most

prominent models are discussed.
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Starting with the initially formulated one, the vesicle transport model postulates that the Golgi
cisternae are stable compartments with a defined set of proteins and other factors that are
required to modify cargo molecules (see Figure 7A). In this regard, the cargo itself moves
from the cis-part of the Golgi to the TGN via anterograde vesicles that bud from a younger
cisterna and fuse with the next one (Glick and Luini 2011). Therefore, due to its stable sub-
compartments, this model explains the polarized character of Golgi stack with the distinct
Golgi-resident proteins in each cisterna as well as the ion and pH gradient (Saraste and Prydz
2019). Moreover, secretory proteins have been identified in COPI vesicles and studies could
also show that there are two different types of COPI vesicles in cells (Malsam et al. 2005; Orci
et al. 1997; Ostermann et al. 1993). Hence, the vesicle transport model suggests, that COPI has
a bidirectional role in vesicle trafficking and regulates retrograde transport, as well as the
anterograde transport of secretory proteins between the Golgi cisternae. The observed
different kinetics of cargo molecules can thereby be explained by different sorting and
budding rates of COPI vesicles (Glick and Luini 2011). Interestingly, golgins like giantin or
golgin-84 have been identified to tether intra-Golgi COPI vesicles (Gillingham and Munro
2016).

However, the contribution of COPI vesicles in anterograde transport has not been confirmed
yet and hereof, it is also not clear how large cargo molecules, e.g. procollagen I (> 300 nm) can
be sorted into COPI vesicles with a diameter of around 60-80 nm (Glick and Luini 2011;
Stephens and Pepperkok 2002). Consistently, EM studies focusing on the intra-Golgi
transport of procollagenl revealed that the extracellular matrix protein reaches the TGN
without leaving the “cis-Golgi“ (Bonfanti et al. 1998).

Thus and also because of lacking evidences, another model was suggested that could explain
the intra-Golgi transport of large cargo proteins. The cisternal maturation model hypothesizes
the gradual maturation of the cis-cisterna in a TGN compartment. In contrast to the vesicle
transport model, not the cargo itself traverses the Golgi stack, rather the modifying enzymes
and factors are exchanged via retrograde transport by COPI vesicles. These vesicles fuse with
the younger cisterna and ensure successive cargo modification. Simultaneously, arriving
COPII vesicles or ERGIC compartments homotypically fuse and generate the “new” cis-
cisterna (Glick and Luini 2011). In line with the model, Golgi-resident as well as specific
enzymes have been identified in COPI vesicles and Golgi-maturation was visualized in
S. cerevisiae, using fluorescence proteins (Casler et al. 2019; Martinez-Mendrguez et al. 2001).

Contradictory, this model cannot explain the different kinetics of secretory proteins in intra-
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Golgi transport as well as their different rates in Golgi export that have been demonstrated.
Moreover, it is questionable if COPI vesicles are able to transport a significant amount of
glycosylation enzymes between the cisternae (Glick and Luini 2011; Kweon et al. 2004; Orci et
al. 2000).

As a result, scientist came up with an extended version of the cisternal maturation model,
where Golgi cisternae are additionally linked by heterotypic tubules (see Figure 7B). These
tubules enable the fast anterograde transport of cargo proteins across the Golgi apparatus as
well as the exchange of Golgi-resident proteins and glycosylation enzymes, in addition to
COPI vesicles (Emr et al. 2009; Glick and Luini 2011). So far, this model accommodates most

of the recent findings and critical questions.
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Figure 7: The intra-Golgi transport - two potential models. To reach the TGN, cargo molecules have to
traverse through the Golgi apparatus. A) The anterograde vesicular transport model postulates that the Golgi
cisternae are stable compartments with a defined set of enzymes and co-factors (grey scale). Therefore, cargo
molecules are transported from one cisternae to another via a specific class of COPI vesicles, responsible for the
anterograde transport (orange vesicles). B) In contrast, the cisternal maturation model with heterotypic tubules
suggests that cargo molecules stay within a cisterna that matures from a “cis-“ to a “trans-“ cisterna (orange). In
this case, enzymes and co-factors are exchanged by retrograde COPI vesicles (grey vesicles). Additionally,
heterotypic tubules between cisternae allow the fast transport of cargo molecules as well as of Golgi enzymes.
Abbreviations: ERGIC (ER-Golgi intermediate compartment); TGN (trans-Golgi network). Figure created
according to Glick and Luini 2011.

However, as the Golgi apparatus structurally differs between yeast, plant but even within
mammalian cells, the overall existence and function of these heterotypic tubules is also

debated and is again leading to variations and modifications of this model, which will not be
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turther discussed (Glick and Luini 2011; Martinez-Menarguez et al. 2001; Munro 2011b). In
summary, the critical evaluation of all this models highlighted that besides secretory cargo
molecules that have to reach the TGN to be further distributed, models of the intra-Golgi
transport also have to explain how these cargo molecules gain their proper post-translational

modification.

1.4.3 Post-translational modification and lipid synthesis in the Golgi complex

The Golgi apparatus contains a multitude of different enzymes that are involved in lipid
synthesis as well as protein modification, including: acetylation, methylation, palmitylation,
proteolytic cleavaging, sulfation, glycosylation and phosphorylation. Since protein maturation
and lipid biogenesis are essential for cellular functions, defects in these processes are
associated with several human diseases (Hannun and Obeid 2018; Potelle, Klein, and
Foulquier 2015; Wang, Peterson, and Loring 2014). In scope of this thesis, it will further be

focused on sphingolipid synthesis, substrate glycosylation and protein phosphorylation.

1.4.3.1 (Glyco)Sphingolipid biogenesis

The ER is responsible for the de novo synthesizes of lipids, such as cholesterol or glycerol
phospholipids, however, some of these molecules are additionally transported to the Golgi
apparatus, where they are further modified (van Meer and de Kroon 2011; Van Meer et al.
2008). Therefore, the Golgi apparatus turned out to be the main organelle for the synthesis of
sphingomyelin (SM) and highly complex glycosphingolipids, both derived from ceramide as a
common precursor (Fang, Rivas, and Bankaitis 1998). Ceramide, which is generated in the
ER, reaches the Golgi complex either non-vesicular via LTPs (see 1.2.5) or to a smaller
amount via vesicular transport (Funato et al. 2019). In a single enzymatic step, ceramide is
metabolized to SM and diacylglycerol (DAG) by the Golgi-localizing SM synthase (SMS) that
transfers a phosphocholine head group from PC to ceramide. Aside from that, SM is “re-
converted” to ceramide by the activity of the sphingomyelinase (SMase) (Hannun and Obeid
2008).

According to the different sphingoid base lengths and types, double bonds, the hydroxylation
status, the N-Acyl chain type or the head group, lipids gain a huge chemical and structural

diversity. Furthermore, this is even more complex, as the Golgi apparatus is responsible for
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the glycosylation of sphingolipids to highly branched glycolipids (see below) (Harayama and
Riezman 2018).

1.4.3.2 Glycosylation in the Golgi apparatus

Although glycosylation initially occurs in the ER (see 1.2.2) and assures e.g. correct folding of
the protein, the Golgi apparatus is considered as the main organelle for protein and lipid
glycosylation (Reily et al. 2019).

As a general mechanism, high nucleotide sugars that have been synthesized in the cytoplasm
are transported into the lumen of the Golgi cisternae by sugar transporters. Here, more than
200 different type-II membrane-bound glycosyltransferases (GTs) add these sugars
specifically to substrates. Moreover, several glycosidases can remove sugars from existing
sugar chains. Based on the huge variety of GTs and glycosidases that act in different Golgi
cisterna, the successive addition and removal of glycans can result in complex structures with
more than 200 linked sugars (Reynders et al. 2011; Stanley 2011).

Besides N-linked glycosylation, three other forms of protein glycosylation in the Golgi
apparatus have been described, namely O-glycosylation of hydroxyl groups of serine,
threonine, hydroxylysine and tyrosine; C-mannosylation of the C2 atom of tryptophane and
Glypiation that covalently links the GPI*"-anchor to a protein (Coussen et al. 2001; Reily et al.
2019; Zhang and Wang 2016). Similarly, not only proteins but also lipids are glycosylated by
glycolipid glycosyltransferases (GGTs) to lactosylceramide (LacCer) and other complex
glycolipids (Fang et al. 1998; Kopitz 2017; Maccioni 2007).

Overall, the glycosylation of proteins and lipids is a highly regulated process and allows the
fine-tuning of substrates. This is essential for a variety of cellular functions, as it mediates i.a.
substrate stability, cell signaling, protein-protein/protein-lipid interactions and recognition

(Varki et al. 2009, 2015).

1.4.3.3 Golgi-mediated protein phosphorylation by Fam20C

Phosphorylation is one of the most abundant post-translational protein modification and
involved in several «cellular mechanisms, including signaling pathways, growth,
differentiation, membrane trafficking and much more (Ubersax and Ferrell 2007). Since it is
fast, sensitive and also reversible due to the activity of phosphatases, phosphorylation allows

the activation or deactivation of proteins, according to an extra- and intracellular stimulus

7 GPI = Glycosylphosphatidylinositol
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(Ardito et al. 2017; Nishi, Shaytan, and Panchenko 2014). Hence, it is not surprising that
approximately 30 % of all human proteins contain at least one phosphorylation site and that
the human “kinome” comprises more than 500 different kinases, encoded by around 2 % of
the human genome (Jiménez et al. 2007; Ubersax and Ferrell 2007).

Although the secreted milk protein casein was the first detected phosphoprotein, it is
astonishing that it took more then 100 years to identify Fam20C28, the kinase that is
responsible and able to enter the Secretory Pathway. To date, only a very few Secretory
Pathway kinases are known, e.g. VLK?? or Fam198 A and B3? and most of them have not been
characterized so far (Sreelatha, Kinch, and Tagliabracci 2015; Tagliabracci et al. 2015). In the

scope of this thesis I will further focus on the Golgi-kinase Fam20C.

Fam20C is ubiquitously expressed and encoded by the DMP431 gene. The kinase was
identified by a genomic screen, searching for proteins with a sequence similarity to Fjx132, the
human orthologous of a known D. melanogaster Secretory Pathway kinase Fjx. This resulted
i.a. in three members of a Family of proteins with the sequence similarity of 20 residues;
Fam20A, Fam20B, Fam20C (see Figure 8A). Whereas Fam20A was mentioned as a pseudo-
kinase and does not show any kinase activity, Fam20B is a sugar kinase that phosphorylates
xylose within the tetrasaccharide linker region of proteoglycans (Cui et al. 2015; Koike et al.
2009).

Contrary, Fam20C was confirmed as a serine/threonine kinase that localizes in the Golgi
apparatus, but is also secreted from cells. In this regard, Fam20C carries an N-terminal SP to
enter the secretory pathway as well as Golgi-typical N-linked glycosylation on three sites
(N101, N335, N470, see Figure 8C). Glycosylation might be important for folding, since
mutation of asparagine residues inhibits protein secretion and kinase activity. Furthermore,
five disulfide bonds as well as its autophosphorylation have been predicted, albeit without any
functional verification (Sreelatha et al. 2015; Tagliabracci et al. 2012, 2015; Tagliabracci,
Pinna, and Dixon 2013).

* Fam20C = Family with sequence similarity 20, member C

¥ VLK = Vertebrate lonesome kinase

** Fam198 A and B = Family with sequence similarity 198, member A and B
! DMP4 = Dentin matrix protein 4

*? Fjx1 = Four jointed box 1
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Figure 8: Fam20C an atypical protein kinase in the Secretory Pathway. A genomic screen of Fjx identified
Fam20C. A) The phylogenetic tree shows the relationship of Fam20C to other kinase members. The tree was
build with MOLPHY using distances (-] option) calculated from alignments of human sequences. B) The ribbon
diagram shows the Fam20 protein structure of C. elegans (ceFam20). The atypical protein kinase shows a two-
lobe structure consisting of a N-lobe (magenta) and a C-lobe (teal). The insertion domain (pink) caps the N-lobe,
whereas the N-segment wraps around the C-lobe. The a6 helix (orange), important for kinase activity, is
untypically locates in the C-lobe. C) Schematic representation of the human Fam20C kinase using the same color
code as in B). Fam20C carries a N-terminal signal peptide (SP, yellow), which is cleaved in the ER. Fam20C is N-
glycosylated on three asparagine residues (N101, N335 and N470) and has a “DFG” metal binding site (aspartic
acid) at position D478 (human). Abbreviations: Fjx (four-jointed box). Figure adapted from Tagliabracci et al.
2015 and Xiao et al. 2013.

Structural analysis of the C. elegans orthologous ceFam20 revealed that ceFam20 shows an
atypical protein kinase-like fold, similar to some prokaryotic kinases e.g. HipA33, CtkA3* and
AFK?3>. Indeed, ceFam20 forms a protein kinase typical two-lobe structure, consisting of an N-
lobe and a C-lobe, however especially the C-lobe differs from genuine protein kinases, as it
has no scaffolding aF helix and no GHI subdomain - normally involved in protein-protein
interactions and allosteric regulation (see Figure 8B). The catalytic domain (ce = D366,
human = D478) as well as a variant of the DFG motif, important for metal-ion binding, are
localized in the C-lobe. The N-lobe of ceFam20 is more similar to eukaryotic kinases,
however, it is lacking the aC helix (here a6) - a hallmark of protein kinases as it regulates
activity. In ceFam20 the aC helix is predominately located in the C-lobe and might have a

different function. Additionally, ceFam20 shows some unique domains as a Fam20-specific

» HipA = High persistence factor A
** CtkA = Cell translocating kinase A
* AFK = Actin-fragmin kinase
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loop that mediates substrate specificity and a shell-like structure consisting of an N-terminal
segment and an insertion domain that are surrounding the two lobes. Hereby, the N-terminal
segment is wrapping around the C-lobe and forms a base, whereas the insertion domain caps
the N-lobe. The ATP-binding pocket of ceFam20 is located in the cleft between N- and C-lobe
and is protected by the B1-B2 loop together with insertion domain (Sreelatha et al. 2015;
Tagliabracci et al. 2015; Xiao et al. 2013).

Fam20C specifically phosphorylates serine and threonine within an S/T-x-E or less frequent
within a §-X-Q-X-X-D-E-E motif (with x as any amino acid). In addition to casein, Fam20C
phosphorylates more than 100 secreted phosphoproteins, among them soluble secreted Ca*'-
binding proteins of the SIBLING?3¢ family; OPN37, DMP138, BSP39, DSPP4% and MEPE#!
(Tagliabracci et al. 2012, 2015). Phosphorylation of SIBLING proteins regulates precipitation
of calcium phosphate in form of e.g. hydroxylapatite. Therefore, members of this family play
important roles in formation and mineralization of dentin, bone and cementum (Chen et al.
2008; George and Veis 2008; Gericke et al. 2005; Xie et al. 2014). Along with this, biallelic
mutations in Fam20C cause a rare osteosclerotic bone dysplasia, called Raine syndrom. In
most cases, carrier of this autosomal recessive disease die as newborns, whereas patients with
a “mild” and non-lethal phenotype develop severe clinical phenotypes as exophthalmos,
osteosclerosis, cerebral calcification, enamel deformation, stenosis or hearing loss (Elalaoui et
al. 2016; Sheth et al. 2018; Vishwanath, Srinivasa, and Shankar 2014). Furthermore, bone
lesions as well as dental abnormalities have also been reported in Fam20C-KO mouse models
(Liu et al. 2017; Wang et al. 2012). However, phosphorylation is not limited to Ca**-binding
proteins. Overall, more than 75 % of all secreted phosphoproteins carry a typical Fam20C
phosphorylation motif, herein factors involved in wound healing, cell migration or
membrane-bounded vesicle formation (Tagliabracci et al. 2012, 2015).

Interestingly, Fam20C prefers Mn** over Mg®>" as a cofactor and was shown to form a
heterotetramer with Fam20A, which stabilizes the kinase and might influence its activation
and secretion (Cui et al. 2015; J. Cui et al. 2017; Nalbant et al. 2005; Ohyama et al. 2016;
Sreelatha et al. 2015; H. Zhang et al. 2018). In addition to that, several sphingolipids have been
illustrated that drive Fam20C activity (Cozza et al. 2015, 2017). Nevertheless, this has to be

further investigated.

% SIBLING = Small integrin-binding ligand, N-linked glycoprotein
7 OPN = Osteopontin

* DMP1 = Dentin matrix protein 1

** BSP = Bone sialoprotein

“ DSPP = Dentin sialophosphoprotein

*! MEPE = Matrix extracellular phosphoglycoprotein
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Besides secreted proteins, recently published paper could also confirm that Fam20C
phosphorylation affects proteins within the Secretory Pathway and so has intracellular
regulatory function. An example is the phosphorylation of Erola*?, which is involved in
oxidative folding in the ER. According to hypoxia and reductive stress, Erola is transported to
the Golgi, phosphorylated by Fam20C, which increases its redox activity and again
retrograde-transported to the ER. As a result, Fam20C tunes ER redox homeostasis and
protein folding (J. Zhang et al. 2018). Interestingly, Erola might additionally regulate Ca**
homeostasis by regulating Ca**-influx and -efflux (Anelli et al. 2012; Li et al. 2009; Marino et
al. 2015). Since many Fam20C substrates play a role in Ca** homeostasis, and Ca**-regulated
cargo transport is the scope of this thesis, the next chapter will focus on Ca** homeostasis in

the Secretory Pathway, especially in the Golgi apparatus.

1.44 Ca* in the Golgi complex

Ca* is one of the most important signaling molecules and essential for many cellular
processes, including cell proliferation, development, motility or secretion (Kahl and Means
2003). According to the multiple responses Ca’" elicits, the cell has to tightly regulate its
availableness (Berridge, Lipp, and Bootman 2000). Therefore, especially the ER but also other
organelles as the Golgi apparatus function as Ca**-storage compartments with luminal Ca*
concentrations of up to 2 mM, thereby reaching four orders of magnitude above cytosolic Ca**
levels (Alonso et al. 2017a; Prins and Michalak 2011). Upon external and internal stimuli, Ca**
can be released into the cytoplasm via Ca**-channels or exchanged with other organelles via
MCS (Burgoyne, Patel, and Eden 2015; Prinz 2014; Shah, Chagot, and Chazin 2006).
Nevertheless, the Ca**-storage of the Golgi apparatus might have other functions and be
independent from the ER, or Sarcoplasmic Reticulum (SR) in muscle cells, as depletion of
Ca’" in one organelle did not affect Ca’*-release of the other (Canato et al. 2010; Yang et al.
2015). In this regard, Golgi Ca**-depletion was shown to change morphology of Golgi
cisternae and is leading to a more vesicular and fragmented structure (Lissandron et al. 2010).
Additionally, several studies could confirm that Ca** homeostasis in the Golgi apparatus is
crucial for intra-Golgi cargo transport as well as the cargo export at the TGN (Blank and von
Blume 2017; Chen, Ahluwalia, and Stamnes 2002; Kienzle et al. 2014; Micaroni et al. 2010;

Mikhaylova et al. 2009; Porat and Elazar 2000). Interestingly, the Secretory Pathway forms out

“2 Erola = ER oxidoreductin la
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a Ca’’-gradient, from high Ca** concentrations in the ER to low Ca** concentrations in the
TGN and secretory vesicles, which even differs between neighboring cisternae (see Figure 9)
(Pizzo, Lissandron, and Pozzan 2010). As a consequence, the Golgi apparatus is meticulously
regulating its luminal Ca* levels by Ca**-pumps, Ca**-release channels and Ca**-binding

proteins (Li et al. 2013; Pizzo et al. 2011).

SV b 6 @ ]
@ ~80 uM
TGN
~130 uM
trans-Golgi

O
medial-Golgi iy L’?ﬁ

¥ SERCA

cis-Golgi

~400 pM

Caz2+

Figure 9: The Ca**-gradient across the Secretory Pathway. The Ca** level differs between compartments, from
high Ca®* concentrations in the Endoplasmic Reticulum (ER - 400 uM) to low Ca** concentrations in the trans-
Golgi network (TGN) and secretory vesicles (SV - 80 uM). To maintain and control Ca** homeostasis, Ca**-
pumps (SPCA1 and SERCA) and Ca**-release channels (IP3R and RYR) localize at each compartment/cisternae.

Abbreviations: SPCA1 (Secretory Pathway Ca?-ATPase 1); SERCA (Sarco/Endoplasmic Reticulum Ca®'-
ATPase); IP3R (inositol 1,4,5-trisphosphate receptor); RyR (ryanodine receptor). Figure created according to

Pizzo et al. 2011.

1.44.1 Golgi Ca**-pumps

Ca’*-influx into the lumen of the Golgi cisternae is mediated by specific P-type Ca**-ATPases.
These Ca*-pumps transport Ca’* against an electrochemical gradient across the Golgi
membrane in an ATP-consuming manner. In mammalian cells, three of these P-type Ca*-
ATPases have been described. SERCA*3 and SPCA** are both localizing in the Secretory
Pathway and have some overlapping compartments in the Golgi apparatus. However, SERCA
is mainly localizing to the ER/SR and cis-part of the Golgi complex, whereas SPCA was found

more in the medial- and trans-Golgi (see Figure 9). The third one, PMCA*>, pumps Ca®* into

* SERCA = Sarco/Endoplasmic Reticulum Ca**-ATPase
* SPCA = Secretory Pathway Ca*"-ATPase
* PMCA = Plasma membrane Ca*"-ATPase
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the extracellular space. All three Ca**-ATPases have similar membrane topology with N- and
C-terminus facing the cytoplasm, ten transmembrane domains and four cytosolic loops -
containing a nucleotide domain (N-domain), a phosphorylation domain (P-domain) and an
actuator domain (A-domain). Furthermore the pumps share the principle reaction
mechanism, a process that involves two conformational states E1 and E2 (Brini and Carafoli
2009; Gong et al. 2018; Pizzo et al. 2011).

In the E1 state, Ca** binds to polar and negatively charged residues in the transmembrane
domain, followed by ATP that is binding to the cytosolic N-domain of the ATPase. Upon
conformational change, which traps Ca?**, the P-domain is auto-phosphorylated (referring to
P-type) by transferring the y-phosphate from the ATP to a highly conserved aspartate residue,
using Mg®* as a cofactor. As a result, ADP dissociates, which switches the ion-pump in a low
energy, low affinity E2 state and releases the Ca** into the lumen of the Golgi. Hereby, binding
of counter-ions at the luminal site is possible for some ATPases. Finally, the TGE-loop in the
A-domain catalyzes the dephosphorylation of the aspartyl-phophosphoanhydride in the P-
domain by coordinating the nucleophilic attack of H,O. Release of the P; group brings the
ATPase back to the El state for a new cycle (see Figure 10) (Apell 2004; Bublitz, Morth, and

Nissen 2012; Jensen et al. 2006; Kithlbrandt 2004).

E1 E+-P

Figure 10: Scheme of the reaction cycle of P- type
ATPases. In the E1 state the ATPase binds cytosolic
Ca®* (X*) with high affinity in its transmembrane
domain (M). After binding of ATP in the N-domain
(N), auto-phosphorylation of the P-domain (P) is
leading to a conformational change (E1-P). ADP
dissociates and Ca?** is released into the lumen (E2-
P). At this stage, some ATPases are able to bind
luminal counter-ions (Y*). Upon A-domain-
mediated dephosphorylation of the P-domain (via the
TGE motif), Pi as well as Mn?*" is released and the
ATPase goes back into the E1 state, ready for another
ion-translocation-cycle. Abbreviations: N (nucleotide
domain), P (phosphorylation domain), A (actuator
domain); Pi (inorganic phosphate). Figure adapted
from Kiihlbrandt 2004.

By comparing the two Secretory Pathway Ca**-pumps, SERCA has two Ca**-binding sites and
transfers two Ca**-ions at a time, while SPCA according to a mutation in one binding site only

pumps one Ca**-ion. In comparison to SERCA, SPCA has not shown transport of counter-
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ions from the lumen of the Golgi into the cytosol but shows a roughly 10-fold higher Ca?**-
affinity (Brini and Carafoli 2009; Clarke et al. 1989; Dode et al. 2005, 2006; Toyoshima et al.
2000). SERCA is expressed in three different isoforms; SERCA 1, SERCA 2 and SERCA 3, but
can have several different splicing variants, thereby showing tissue-specific expression.

SPCA in addition to Ca** also pumps Mn?*, which is cofactor of many glycosylation enzymes.
Since cytosolic Mn*" is toxic, SPCA is involved in detoxification (Leitch et al. 2011; Lissandron
et al. 2010). There are two different isoforms of SPCA and several splicing variants. SPCAL is
ubiquitously expressed, whereas SPCA2 expression is restricted to mucus-secreting cells
(Vandecaetsbeek et al. 2011). Overall, Ca**-regulation of SPCA1 was revealed to play a role in
Ca**-dependent cargo sorting in the TGN, which will be further discussed in chapter 1.5.4
(Blank and von Blume 2017; Kienzle and von Blume 2014; Pakdel and von Blume 2018).

1.4.4.2 Golgi Ca’*-release channels

Ca’*-signaling involves the rapid increase of the cytosolic Ca** levels. According to an external
or internal stimulus, cells are able to uptake Ca?* from the extracellular space or release it from
intracellular storage compartments as the ER or Golgi complex. Therefore, electrical,
hormonal or mechanical stimulation is transmitted into the generation of secondary
messengers e.g. IP;*6, cADPR*” or NAADP“8 that bind and open Ca**-channels. One of the
best-described examples is the IP; signaling pathway: In a cascade of events, activation of
membrane receptors like heterotrimeric GPCRs*® or rTKsY, activates PLC>1, which cleaves
PIP,2 into DAG?®3 and IPs, which in turn is able to bind and activate the tetrameric IPsR>* - a
Ca’"-channel (Bootman 2012; Lissandron et al. 2010; Thatcher 2010). However, binding of IP;
is not enough to release luminal Ca*". In a process called Ca*-induced Ca’*-release (CICR),
luminal or cytosolic Ca** is able to bind to IPs;R and regulate the sensitivity of IPsR towards
IP;. This allows the cell to meticulously control Ca**-release and uptake (Bootman 2012;
Taylor and Tovey 2010). IP;R predominately localizes to the ER, cis- and medial-part of the
Golgi (see Figure 9), similar to the localization of SERCA (Pizzo et al. 2011).

% IP5 = Inositol 1,4,5-trisphosphate

¥ cADPR = Cyclic adenosine diphosphate ribose

* NAADP = Nicotinic acid adenine dinucleotide phosphate
* GPCRs = G-protein coupled receptors

% rTKs = Receptor tyrosin kinases

*! PLC = Phospholipase C

°2 PIP, = Phosphatidylinositol 4,5-bisphosphate

> DAG = Diacylglycerol

**IPsR = Inositol 1,4,5-trisphosphate receptor
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For quite a long time, IP;P was the only Ca’*-release channel that has been identified in the
Golgi apparatus. However, recent work could reveal that in some cells another ER-known
Ca’*-release channel, RyR, locates at the Golgi complex (Gallegos-Gomez et al. 2018; Pizzo et
al. 2011). Regulation of RyR>> is highly complex and involves ions, receptors and luminal
proteins like: Mg**, DHPR>6, PKA57 or FKBP (Lanner et al. 2010). Studies could also show
that activation of RyR underlies secondary messenger Ca** (CICR) and cADPR (Gerasimenko
et al. 2005; Ogunbayo et al. 2011; Partida-Sanchez et al. 2001). Overall, further studies are
necessary to elucidate the roles and exact mechanisms of Ca®*-release channels in the Golgi

apparatus.

1.4.4.3 EF-hand Ca**-binding proteins in the Golgi apparatus

Besides the described Ca**-ATPases and Ca**-release channels that regulate Golgi Ca**-influx
and -efflux, luminal proteins as well play an important role in organelle Ca** homeostasis. In
the lumen, most of the luminal Ca** is not free, but buffered by Ca**-binding proteins (Brini
and Carafoli 2009; Pizzo et al. 2010). So far, four different luminal Ca**-binding proteins have
been detected in the Golgi apparatus; calumenin, NUCB1 (also named calnuc), NUCB2 (also
named p54/NEFA58) and Cab45°%° (Dolman and Tepikin 2006; Pizzo et al. 2011). All of them
carry EF-hand domains, a helix-loop-helix structure that mediates Ca**-binding in its loop
structure with a pentagonal bipyramidal binding pocket (see Figure 11A) (Bhattacharya,
Bunick, and Chazin 2004). EF-hand proteins were shown to be the most common Ca*'-
binding proteins. Hereby, the number of EF-hand motifs, the affinity to bind Ca** (from 10°
M to 10°M) as well as the binding capacity differs from protein to protein. Accordingly, these
proteins have different functions, e.g. as high capacity Ca**-buffer proteins or sensitive Ca**-
sensors (Bagur and Hajnoczky 2017; Strynadka and James 1989; Zhou, Xue, and Yang 2013).
Calumenin carries seven EF-hand motifs and was shown not only to localize to the Golgi
apparatus, but rather is distributed throughout the whole Secretory Pathway, wherefrom it is
also secreted (Narayanasamy and Aradhyam 2018). Calumenin belongs to the CREC family,
the abbreviation of members of EF-hand Ca**-binding proteins (Cab45, reticulocalbin, ERC-
5560 and calumenin) with low Ca*-binding affinity. Reticulocalbin and ERC-55 are Ca*'-

binding proteins in the ER but share structural similarities with the other members including

> RyR = Ryanodine receptor

** DHPR = Dihydropyridine receptor

*7 PKA = Protein kinase A

* p54/NEFA = DNA-binding/EF-hand/acidic amino acid-rich region.
> Cab45 = Ca’*-binding protein, 45 kDa

% ERC-55 = Endoplasmic Reticulum Ca**-binding protein, 55 kDa
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a SP, a molecular weight between 37 and 45 kDa or an acidic pI between 4.1 to 4.7 (Honore
2009; Honore and Vorum 2000). Because of the different localizations, calumenin might have
several cellular functions. Many binding partners of calumenin were shown to play a role in
muscle contraction and coagulation. In this regard, calumenin is able to bind RyR and SERCA

and so directly regulates Ca** homeostasis (Honore 2009; Vandecaetsbeek et al. 2011).

The both nucleobindin proteins are widely expressed from two separated, unlinked gene loci
but share a sequence similarity of 62 % and structural domains, i.a. two EF-hand motifs (see
Figure 11B). In addition to the Golgi-localizing protein, both proteins have also a SP-lacking
cytosolic variant, which probably explains features like the putative nuclear localization signal,
a DNA-binding domain or a leucin zipper region (Kapoor et al. 2010; Valencia et al. 2008).
Within the secretory pathway, NUCBI localizes in the cis-Golgi and was shown to peripheral
associate with the luminal membrane, where it acts as the major regulator of Golgi Ca**
homeostasis (Lin et al. 1998). Thereby, the Ca**-binding capacity of NUCBI is rather low with
(1.1 pmol Ca*/pumol NUCBI1), but compensates this effect due to its high abundance (3.8
pg/mg Golgi protein). In this regard, overexpression of NUCBI1 further increases the Ca®'-
storage capacity of the Golgi apparatus up to 3.0 fold, compared to wildtype cells (Lin et al.
1999). NUCBI was also partially detected in the extracellular space, however the reason for its
transport and secretion is rather unknown (Lavoie et al. 2002). Besides the Ca’*-buffering
effect of NUCB1, multiple other roles and binding partners have been mentioned. The
cytosolic variant might be involved in gene transcription as well as Ca**-signaling by binding
to G-protein a-subunits, whereas the Golgi-localizing form might also function as a
chaperon-like binding protein and prevent protein aggregation (Bonito-Oliva et al. 2017;
Kapoor et al. 2010; Lavoie et al. 2002; Valencia et al. 2008) .

In contrast to NUCB1, NUCB2 localizes in the medial-Golgi, e.g. with Golgi marker
mannosidsase II and in Golgi-associated vesicles. Similarly, NUCB2 was shown to associate
with the membrane, but its role is also elusive (Morel-Huaux et al. 2002).

Structural studies could furthermore reveal that both NUCBs are rather unstructured but
getting more a-helical, after binding of Ca** with its EF-hand domain (see Figure 11B) (De
Alba and Tjandra 2004; Kroll et al. 1999; Miura, Kurosawa, and Kanai 1994).
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Figure 11: NUCBI1 and Cab45 - EF-hand Ca**-binding proteins in the Golgi apparatus. A) Typical helix- loop-
helix structure of an EF-hand motif. Ca?* (red spherical) is bound in the loop structure (upper image). In many
EF-hand proteins, EF-hand motifs are binding Ca®* in a pairwise manner, by forming an EF-hand pair/domain
(lower image). B) Ribbon diagrams of NUCB1 EF-hand motifs forming an EF-hand domain to bind Ca®*; left -
top view; right - front view; below - general structure of NUCBI with the signal peptide (SP, yellow) and two EF-
hand motifs. Color code shows helix (blue) and loop (green) structure. C) Ribbon diagrams of Golgi- localized
Cab45. The six EF-hand motifs (red colors) bind Ca?* (spherical) in a pairwise manner, leading to three EF-hand
pairs I, II and III; left - front view; right - rear view; below - general structure of Cab45 with SP (yellow) and six
EF-hand motifs. Color code shows pairwise EF-hand formation. Figure created according to Bhattacharya et al.
2004; de Alba and Tjandra 2004; Blank and von Blume 2017.

The last Ca’*-binding proteins, Cab45, localizes in TGN and to some extend is also secreted
into the extracellular space of the cell (Deng et al. 2018). Literature also has described a
cytosolic version of Cab45, which is lacking the SP to enter the secretory pathway as well as
the EF-hand motif 1 to 3. Cytosolic Cab45 might act in exocytose of zymogens; however, its
physiological function is not really known (Lam et al. 2007). Hence, in the following it will be
focused on the Golgi-isoform. Encoded by the SDF4 gene, Cab45 is ubiquitously expressed
and highly conserved between different mammalian species. A N-linked glycosylation on N39
is thus far the only confirmed post-translational modification (Blank and von Blume 2017).
Circular Dichroism studies unveiled that Cab45 binds Ca** with its six EF-hand motifs in a
pairwise manner (EF-hand pair I, II, III - see Figure 11C), which induces conformational
change and is leading to a more a-helical secondary structure - similar to NUCBs (Deng et al.
2018). Since Cab45 is a major player in this thesis, its function will be discussed later in more

detail (see chapter 1.5.4).
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In summary, the Golgi apparatus is a very divers and highly regulated organelle. Each cisterna
with its specific environment e.g. Ca*" concentration and subset of enzymes, designed to
modify incoming cargo. After passing through the Golgi stack, cargo molecules reach the
most distal cisternae of the Golgi apparatus, the trans-Golgi network (TGN). Here, proteins
and lipids are sorted and further distributed to their final destination. In this regard, the last
chapter will highlight how cargo is sorted at the TGN.

1.5 The trans-Golgi network - a cellular sorting station

1.5.1 Transport routes from the TGN

The TGN functions as the main sorting hub of the Secretory Pathway. Modern imaging
techniques like cryosectioning and immunoelectron microscopy revealed that the TGN is a
highly dynamic compartment, forming a tubular, branching but also vesicular network
(Anitei and Hoflack 2011; Klumperman 2011; Mogelsvang et al. 2004). Interestingly, the
morphology of the TGN varies strongly between different cell types but is also dependent on
other factors as protein synthesis or the cell cycle (Clermont, Rambourg, and Hermo 1995;
Griffiths et al. 1989; Li, Ahat, and Wang 2019). Since this thesis approaches the sorting and
export of molecules from the Golgi apparatus, the successive chapters are predominately
focusing on processes describing the anterograde transport of molecules that exit the TGN.

At the TGN proteins are recognized, segregated from each other, packed into transport
carriers and are transported to various destinations. As described in Figure 1, this includes the
transport to the apical or basolateral PM or the transport to recycling, early and late
endosomes (Guo et al. 2014). Recent publications have also shown, that in addition to these
direct routes, some newly synthesized proteins reach the apical or basolateral PM via a
transendosomal transport (De Matteis and Luini 2008). In this regard, e.g. VSVG®, T{fR* or
pIgR® were detected in endosomal compartments before they have reached the PM of the cell
(Ang et al. 2004; Futter et al. 1995; Orzech et al. 2000). However, the reason for this stopover

remains still obscure (Gonzalez and Rodriguez-Boulan 2009). In specialized cells like

' VSVG = Vesicular stomatitis virus glycoprotein G
6 TfR = Transferrin receptors
% pIgR = Polymetric immunoglobulin receptors
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secretory cells, proteins can be furthermore transported to other compartments as secretory
storage granules (De Matteis and Luini 2008).

Since all these transport events require vesicle formation out of phospholipid bilayers, not
only proteins, but also lipids are transported from the TGN to various destinations, as e.g.
shown for SM, GSLs and PC. These molecules for instance are transported to the extracellular

leaflet of the PM (Blom, Somerharju, and Ikonen 2011).

1.5.2 Vesicle formation at the TGN

To reach their final destination, proteins are packed at the TGN and transported in specific
membrane-enclosed transport carriers. As mentioned earlier (see chapter 1.2.4), vesicle
formation is a multistep process that includes the recruitment of coat components to the site
of action, where they either directly or indirectly interact with congregated cargo molecules
(Bonifacino 2014; Bonifacino and Glick 2004; Guo et al. 2014). Moreover, publications
revealed that a correct lipid composition as well as protein-lipid interactions are essential for
many of these budding events (Deng et al. 2018; Huttner and Schmidt 2000; Wakana et al.
2015). Whereas the bidirectional cargo transport between ER and Golgi is mediated by only
two classes of vesicle (COPII and COPI), transport carriers that derive from the TGN serve

multiple destinations.

1.5.2.1 Clathrin-coated vesicles

Clathrin-coated vesicles (CCVs) are the best-characterized vesicles that bud from the TGN.
The clathrin coat consists of three heavy and three light clathrin chains forming a triskelion.
Stringing together, these triskelia build the major structural cage of the vesicle (Conner and
Schmid 2003; Faini et al. 2013). Formation of CCVs occurs in a similar fashion to the one of
COPII and COPI, but in contrast, the clathrin coat is not directly interacting with cargo
molecules. Here, clathrin adapters that link the cargo with the clathrin components are
necessary. Besides the four classical APs®* in mammalian cells; AP-1, -2, -3, -4 and each
consisting of different subunits, also “alternative” mono- or dimeric adapters like GGAs®>
exist. Even more complicated, several accessory proteins e.g. epsins or B-arrestins that interact

with those adapters are itself able to bind clathrin and cargo molecules (Boehm and

AP = Adapter protein complexes
% GGA = Gamma-ear-containing Arf-binding proteins
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Bonifacino 2001; McMahon and Mills 2004; Popova, N. V. Deyev, I. E. Petrenko 2015).
Therefore, more than 20 different adapter proteins have been identified, which are binding
different cargo molecules and are involved in specific transport routes; e.g. between TGN and
endosomes or in endocytosis (Nakatsu, Hase, and Ohno 2014; Owen, Collins, and Evans 2004;
Sanger et al. 2019). These adapter complexes are recruited from the cytosol by two
mechanisms. They can either bind to activated membrane-associated small G proteins or to
phospholipids, particularly PIPs (for details see Figure 12) (Bonifacino and Glick 2004; Ford
et al. 2002; Gaidarov et al. 1999; Kirchhausen 2000a; Rohde, Wenzel, and Haucke 2002).

Clathrin triskelia

™
HC Ada M
<C pt.er em‘brane Transport Accessory Proteins
y ,:'\ Protein | recruitment
CLC
Arf/Arl/ endosome to TGN

AP-1 Sar/Rabs TGN to endosomes epsinR, GGAs
to basolateral PM?

CALM, epsins, B-
arrestin, ARH,

AP-2 PIPs endocytosis amphiphysin, HIP1,
Dab2
AP3 Arf/Arl/ TGN to lysosome Vpsd1?

Sar/Rabs | endosome - lysosome

AP-4 Arf/Arl/ TGN to endosomes tepsi
) Sar/Rabs to basolateral PM? epsin

y-synergin, p56,

ggﬁ; Arf/Arl/ TGN to endosomes radaptin-5,
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GGA3 5
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Figure 12: The variety of clathrin-coated vesicles (CCVs). The clathrin coat consists of three heavy (CHC) and
three light (CLC) clathrin chains that assemble together to a triskelia. To interact with cargo molecules, the
clathrin coat is linked via special adapter proteins, the APs and GGAs. Four types of APs are known in human
cells that are formed out of different large (y, o, §, &, B), medium (p) and small (o) subunits, leading to high
complexity. Thereby the subunits have multifunctional roles, like cargo binding, membrane recruitment, binding
to clathrin or binding to accessory proteins. In contrast, GGAs are monoadapters with a VHS domain for cargo
binding, a GAT domain for membrane recruitment via Arf-GTP binding, the Hinge region for interaction with
clathrin chains and the GAE domain for binding to accessory proteins. The table summarizes how adapters are
recruited to the membrane, their transport routes and accessory binding proteins of the two adapter protein
families. Some information is still elusive. In this regard, AP-4 might mediate CCV-independent transport.
Abbreviations: Vps (vacuolar protein sorting-associated protein); CALM (clathrin assembly lymphoid myeloid
leukemia protein), ARH (autosomal recessive hypercholesterolemia); HIP (Hsc70-interacting proteinl); Hsc70
(heat shock cognate protein, 71 kDa); Dab2 (disabled homolog 2); p56 (phosphoglycerate kinase 56); ent 3+5
(equilibrative nucleoside transporter 3 + 5). GGA (golgi-localized y-ear-containing ARF-binding); GAE (y-
adaptin ear); GAT (GGA and Tom); VHS (tree folded domains of Vps27); Hrs (hepatocyte growth factor-
regulated tyrosine kinase) and Stam (signal transducing adapter molecule). Figure adapted from and created
according to Nakatsu et al. 2014; Conner and Schmid 2003; Bonifacino 2004; Owen et al. 2004; Sanger et al. 2019
and Popova et al. 2013.
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At the TGN membrane, adapter proteins recognize cargo molecules via specific canonical
amino sequences in the cytoplasmic region of the cargo or via post-translational
modifications like ubiquitination. Despite the high level of complexity, almost all adapter
proteins share the same domain arrangement and are binding to the N-terminal 7-bladed
propeller that is formed out of the clathrin heavy chains (Owen et al. 2004; Traub 2005).
Subsequently, polymerization of the recruited clathrin components is leading to cargo
concentration, membrane curvature and vesicle formation (see chapter 1.2.4) (Ford et al.
2002; McMahon and Mills 2004).

In clathrin-coated endocytosis it was shown that dynamin, a large multidomain GTPase,
assembles around the neck of the forming CCV, polymerizes and facilitates membrane fission
upon GTP hydrolysis (Chappie and Dyda 2013; Cocucci, Gaudin, and Kirchhausen 2014;
Morlot and Roux 2013). However, the role of dynamin in vesicle scission at the TGN is
controversially discussed and not confirmed (Henley, Cao, and Mcniven 1999; Hinshaw 2000;
Kasai et al. 1999). Also how CCVs are transported to the acceptor compartment is debated,
since different cytoskeletal networks might be used (Almeida et al. 2011; Huckaba et al. 2004;
Lakadamyali, Rust, and Zhuang 2006). For a long time it was also not known, how v-SNARS
are incorporated into the forming CCVs. New evidence indicates that adapter proteins as well
are responsible (Miller et al. 2007).

In summary, CCVs represent highly complex transport carriers that according to the huge
variety of adapter proteins regulate cargo transport in a very divers but also very specific
manner. Whereas protein transport in CCVs from the PM and mediated by endocytosis was
well described in the past, the contribution of CCVs in the direct transport of cargo from the
TGN to the PM is still an open question (see Figure 12). In this concern, just a few studies
could confirm the role of AP-4, GGA or specific subunits of AP-1 in PM trafficking of
transmembrane proteins in polarized cells (Folsch et al. 1999; Gravotta et al. 2012; Ma et al.

2018; Simmen et al. 2002).

1.5.2.2 CARTS

Recently, a new class of vesicles was identified by purifying TGN46-containing carriers that
were transported from the TGN to the cell surface - leading to the name CARriers of the TGN
to the cell Surface (CARTS). So far, no coat-forming components were identified for these
vesicles. Further characterization of CARTS revealed that their biogenesis is lipid dependent,

since blocking the ceramide transfer at ER-TGN membrane contact sites resulted in a
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decreased conversion of ceramide to SM and DAG in the Golgi and therefore reduced their
organization in microdomains at the TGN. DAG in turn, recruits the cytosolic PKD®¢, which
is important for the fission of CARTS (Liljedahl et al. 2001; Wakana et al. 2012, 2015; Yeaman
et al. 2004). Studies in HeLa cells moreover suppose that the transport of CARTS to the cell
surface occurs on microtubules and is maintained by Eg5¢7, as inhibition of Eg5 does not
interfere with vesicle biogenesis but with the accumulation of CARTS around the Golgi
apparatus (Wakana et al. 2013). CARTS contain Rab6a and Rab8a GTPs, both involved in the
fusion of secretory carriers; as well as synaptotagmin II, a Ca**-binding protein in synaptic
vesicles that also regulates fusion by interacting with SNARES and phospholipids at the PM
(Ang et al. 2003; Grigoriev et al. 2007, 2011; Tucker and Chapman 2002; Wakana et al. 2012).
With a diameter of 100 to 250 nm, CARTS are slightly bigger than CCVs (diameter: 80-120
nm) and carry specific proteins that are transported to the PM like LyzC®8, desmoglein-1 or
desmoplakin (Jensen and Schekman 2011; Wakana et al. 2012). Albeit CARTS represent a
new kind of carriers transporting cargo to the PM, there are many open questions that have to
be addressed. How is cargo recognized and sorted into CARTS? What and are there coat-
forming components?

Up to now, other transport carriers that bud from the TGN and convey secretory proteins
directly to the cell surface remain unknown. This is astonishing, since a multitude of known
proteins have to be transported to the PM or be secreted into the extracellular space to fulfill
their functions. In this regard, genes encoding for the exomer - a coat complex facilitating the
transport of transmembrane proteins from the TGN to the PM in yeast - is absent in

metazoans (Paczkowski et al. 2012; Wang et al. 2006).

1.5.2.3 Membrane lipids in vesicle formation

For quite a long time, proteins and lipids were mainly considered separately from each other.
Therefore, the Golgi apparatus especially the TGN was seen as a distribution compartment for
proteins, whereas lipid metabolism and sorting were hardly mentioned. However, over the
last years, more and more evidences were provided how lipids and proteins interplay to
ensure Golgi dynamics and membrane trafficking (Fang et al. 1998). In this regard, several
studies were able to show how failures in phospholipid biosynthesis also affect protein

transport and vice versa (von Blume and Hausser 2019; van Echten and Sandhoff 1989).

% PKD = Protein kinase D
 Eg5 = Microtubule-associated kinesin-5 motor protein
% LyzC = Lysozyme C
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Hereof, phospholipids form interaction platforms to recruit soluble factors to the membrane
(e.g. Arfs, Rabs, APs; see 1.5.2.1) or to segregate cargo molecules by lipid-protein interaction
and lipid re-organization (discussed later on) (Bankaitis, Garcia-Mata, and Mously 2012).

Membrane lipids are determined by their head groups and acyl chain composition, resulting
in three possible different molecular shapes (see Figure 13): Cylindrical lipids (e.g. PC, PS,
SM), conical lipids (e.g. PE, PA, DAG) and inverted conical lipids (e.g. LPC®, PI4P70,
PI(4,5)P271, PI(3,4,5)P372). According to their localization in the inner or outer leaflet, lipids
can actively promote and initiate membrane curvature (McMahon and Boucrot 2015; Zhang

et al. 2019).

positive curvature

flat membrane w V molecular shape lipid types

( | cylinder ﬂ PC, PI, SM
ﬁ )\ cone ﬂ PE, PA, ceramide
ﬁ L inverted T LPC, P14P, PI(4,5)P2,

cone PI(3,4,5)P3

negative curvature

Figure 13: Molecular shapes of membrane lipids. According to their head group and chain composition,
membrane lipids can have a cylindrical, conical or inverted conical molecular shape. As shown, inverted conical
lipids in the outer leaflet and/or conical lipids in the inner leaflet induce positive membrane curvature, whereas
conical lipids in the outer leaflet and/or inverted conical lipids in the inner leaflet induce negative membrane
curvature. The table shows different lipids with their molecular shapes. Abbreviations: PC (phosphatidylcholine);
PI (phosphatidylinositol); SM (sphingomyelin); PE (phosphatidylethanolamin), PA (phosphatidic acid); LPC
(lysophosphatidylcholine); PI4P (phosphatidylinositol-4-phosphate); PI(4,5)P2 (phosphatidylinositol (4,5)-
bisphosphate); PI (3,4,5)P3 (phosphatidylinositol (3,4,5)-trisphosphate). Note: in the original figure PA was
annotated as cylindrical lipid. As several publications e.g. McMahon and Boucrot 2015 define PA as a conical
lipid, it was modified. Figure adapted and modified from Zhang et al. 2019.

Changes in the lipid composition, due to lipid exchange or lipid modification - e.g. the
phosphorylation of the inositol ring of PI to PIxPx derivatives by cytoplasmic lipid kinases -
turthermore allow structural deformation of the membrane and can affect vesicle budding
(Dickson and Hille 2019; McMahon and Gallop 2005; J. Zhang et al. 2018). Interestingly,
some budding mechanisms have been proposed lacking the involvement of cage-forming

proteins. Referring to this, multiple interactions of the Cholera toxin or the VP173 capsid

% LPC = Lysophosphatidylcholine

70 PI4P = Phosphatidylinositol-4-phosphate

7! P1(4,5)P2 = Phosphatidylinositol (4,5)-bisphosphate

72 P1(3,4,5)P3 = Phosphatidylinositol (3,4,5)-trisphosphate
73 VP1 = Viral protein 1
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protein of the simian virus with membrane lipids were shown to create membrane
asymmetry, leading to membrane curvature and favoring endocytosis without a cytosolic
machinery (Ewers et al. 2010; Johannes and Romer 2010; Romer et al. 2007; Stachowiak et al.
2012).

Indeed, no mechanism for the budding of uncoated vesicles from the TGN has been
described, however, there is also no other machinery known that drives the formation of post-

Golgi vesicles to the PM (Stalder and Gershlick 2020).

1.5.3 Cargo recognition and sorting at the TGN

For packaging cargo into distinct transport carriers, highly sophisticated sorting machineries
and mechanisms are essential. This last section will highlight how different cargo molecules
are recognized and sorted at the TGN. Some of these sorting events have been well described
in the past, whereas for others, especially for soluble secretory molecules, the sorting and the

involvement of other components are rather unknown.

1.5.3.1 Sorting of transmembrane proteins

The sorting of transmembrane proteins was highly investigated in the last decades. By
spanning the TGN membrane, these molecules can directly be recognized by adapter proteins
via specific motifs in the cytosolic domains of the transmembrane proteins and so achieve the
packaging into TGN-derived vesicles (Mellman and Nelson 2008; Traub and Kornfeld 1997).
Two main sorting motifs have been described according to the most critical residues they
contain; these are tyrosines or leucines.

The tyrosine-based sorting signals are NPXY and YXX(J, with X as a variable residue and &
as an amino acid with a bulky hydrophobic side chain. NPXY is located in many type I
integral transmembrane proteins at the cell surface, like the LDL-R7# or B-integrin (Chen,
Goldstein, and Brown 1990; Bonifacino and Traub 2003; Lazarovits and Roth 1988).
Therefore, interaction of the motif with the w2 subunit of AP-2 is regulating the
internalization of the cargo molecules (Boll et al. 2002; Kibbey et al. 1998; Mishra et al. 2002).
YXXJ in comparison, was found in all types of membrane-spanning transmembrane

proteins: at cell surface proteins (e.g. transferrin receptors) as well as lysosomal membrane

7* LDL-R = Low densitiy lipoprotein receptor
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proteins (e.g. LAMP17%) (Bonifacino and Traub 2003; Braulke and Bonifacino 2009; Nesterov
et al. 1999; Rous et al. 2002). Different u subunits of four APs can interact with YXXJJ and so
facilitate the sorting into transport carriers (Boll et al. 1996; Hirst et al. 1999; Ohno et al. 1995,
1996). Interestingly, in lysosomal transmembran proteins the variable residues (X) often are
acidic and the recognition motif itself is located close to the transmembrane domain or at the
very terminus. In contrast, PM localizing transmembrane proteins do not have the motif at
the very terminal end (see Figure 14) (Bonifacino and Traub 2003; Rohrer et al. 1996; Rous et
al. 2002).

The dileucine-based sorting motifs function as another class of recognition motif, consisting
of the two main sequences [DE]XXXL[LI] and DXXLL. Similar as for the YXX& motif, acidic
residues as well as position of the motif close to the transmembrane domain or at the terminal
end are important for sorting to late endosomes and lysosomes (Geisler et al. 1998).
Depending on the exact amino acid sequence (acidic residues, leucin or isoleucin etc.),
[DE]XXXL[LI] is recognized by AP-1, -2 or -3. In contrast, the second dileucine-based sorting
motif DXXLL shows a similar amino acid sequence, however is recognized by GGAs but not
by APs (see Figure 14) (Bonifacino 2004; Braulke and Bonifacino 2009; Von Einem et al. 2015;
Puertollano et al. 2001; Zhu et al. 2001).

Another mechanism for the sorting of transmembrane proteins that was described is upon
ubiquitination of cytosolic domains (Bonifacino and Traub 2003). In a multi-step process,
ubiquitin (Ub), a 76-amino acid peptide, is attached to the lysine side chain of a target protein.
Clathrin adapter proteins like epsins (accessory protein) or GGAs are able to recognize
ubiquitinated receptors via a ubiquitin interaction motif (UIM) or the GAT domain and
mediate vesicle formation (Owen et al. 2004; Shiba et al. 2004; Shih et al. 2002). Similar
domains called ubiquitin-associated (UBA) or ubiquitin-conjugating enzyme like (UBC) were
also found in other proteins. Despite all this new evidence, the role of ubiquitination is still
not fully understood, especially since some ubiquitinated cargos e.g. EGFR can also be sorted

in an ubiquitin-independent manner (Haglund, Di Fiore, and Dikic 2003).

7> LAMP = Lysosome-associated membrane glycoproteins
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Figure 14: Transmembrane proteins carry a variety of sorting motifs in their cytoplasmic domain. Known
sorting motifs are the tyrosine motifs YXX@ (red) and NPXY (orange) and the dileucine motifs DXXLL (yellow)
and [DE]XXXL[LI] (green). Furthermore, acidic residues (brown) or post-translation modifications like
ubiquitination (blue) are also used as sorting sequences. With these motifs, transmembrane proteins are
interacting with adapter proteins of clathrin-coated vesicles (CCVs). Thereby, not only the sorting motif itself
(grey can be any sorting motif), but also the position can play a role for the destination. Sorting domains of PM
proteins are often found somewhere in the middle of the cytoplasmic tail (I), whereas sorting motifs of lysosomal
transmembrane proteins were detected close to the transmembrane domain or the terminal end (II).
Additionally, proteins often carry more than one sorting motif, e.g. one for the internalization from the PM and
one that facilitates the TGN to endosome transport (IIT). Abbreviations: X (any amino acid); @ (amino acid with
a bulky hydrophobic side chain); AP (adapter protein complex); GGA (y-ear-containing Arf-binding protein).
Figure created according to Bonifacino and Traub 2003.

In line with the uncertainty how adapter proteins faciliate CCV-dependent transport to the
cell surface (see Figure 12), there is also no canonical sorting signal in the cytosolic domain of
transmembrane proteins or sorting receptors that mediates transport to the PM (Hunziker et
al. 1991; Matter, Yamamoto, and Mellman 1994; Mellman and Nelson 2008; Mostov, Su, and
ter Beest 2003). Some of these PM proteins e.g. TGN38 or E-cadherin contain tyrosine- or
dileucine-based motifs, whereas recognition sequences of others e.g. of the transferrin
receptor are independent of those critical residues (Miranda et al. 2001; Rajasekaran et al.
1994; Odorizzi and Trowbridge 1997). AP-1 and -4 were shown to mediate transport of
basolateral proteins in a CCV-dependent manner. Nevertheless, protein transport for some
proteins e.g. a Na*/K*-ATPase was not affected upon knockdown of clathrin, speaking for the
existence of additional CCV-independent trafficking routes (Mellman and Nelson 2008;
Simmen et al. 2002).

In contrast to basolateral transmembrane proteins, just a few individual sorting motifs have

been identified in cytoplasmic domains of apical transmembrane proteins, like in Rhodopsin,
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M2 receptor’® or ATP7B77 (Braiterman et al. 2009; Chmelar and Nathanson 2006; Chuang
and Sung 1998). Many of the noticed apical proteins carry basolateral sorting motifs, therefore
are first transported to the basolateral surface, before they are reaching the apical PM upon
sorting in apical recycling endosomes; a process called transcytosis (Brown et al. 2000;
Chmelar and Nathanson 2006; Mostov 1994; Orzech et al. 2000). The cytosolic domains of
apical transmembrane proteins in general, seem to be less important for sorting and
trafficking (Mellman and Nelson 2008). Sorting of those proteins might occur via recognition
sites or post-translational modifications like N- or O-linked glycosylation, located in their
transmembrane or luminal domains (Cao et al. 2012; Mellman and Nelson 2008; Nelson and

Yeaman 2001). How these sorting events might occur will be described in another sections.

1.5.3.2 Sorting via cargo receptors

In contrast to transmembrane proteins, soluble luminal proteins cannot directly interact with
cytosolic components. Therefore many of these proteins are sorted indirectly with the help of
cargo receptors that are spanning the TGN membrane and instead are recognized by cytosolic
components (Guo et al. 2014). Among those molecules, the sorting of lysosomal hydrolases
via MPR”8 is probably the best characterized sorting process at the TGN and is involved in the
sorting of approximately 60 different lysosomal proteins, mainly cathepsins (Dahms, Olson,
and Kim 2008; Griffiths et al. 1988). According to their specific mannose-6 phosphate (M6P)
modifications, these soluble proteins are captured by MPRs and sorted into CCVs (Ghosh,
Dahms, and Kornfeld 2003). To generate the M6P recognition motif, lysosomal hydrolases
that have been initially glycosylated on asparagine residues at the ER are further modified in
the Golgi (Braulke and Bonifacino 2009).

Two different classes of MPRs have been identified for the sorting of M6P-modified lysosomal
hydrolases (see Figure 15). The 46-kDa CD-MPR?? is mainly found as homodimer complex
and contains a ~150 amino acid luminal domain that binds M6P. In contrast, CI-MPRs8? exist
as monomers (300 kDa) and contain 15 repeats of this homologous luminal domain, whereas
domain 3 and 9 bearing M6P-binding sites (Le Borgne and Hoflack 1998; Braulke and
Bonifacino 2009; Hille-Rehfeld 1995; Kornfeld 1992). Both type-1 integral membrane
receptors carry the DXXLL motif for the GGA-dependent formation of CCVs as well as

78 M2 receptor = M2 muscarinic acetylcholine receptor

77 ATPB7 = Adenosine triphosphate-ase copper transporting beta
8 MPR = Mannose-6 phosphate receptor

7 CD-MPR = Cation-dependent mannose-6 phosphate receptor
8 CI-MPR = Cation-independent mannose-6 phosphate receptor
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several binding motifs for AP-1 (YXXOJ and [DE]XXXLI[LI]) in their cytosolic domains. As a
result, lysosomal hydrolases are transported to endosomal/lysosomal compartments in a
clathrin-dependent manner (Dahms et al. 2008; Ghosh and Kornfeld 2003, 2004; Honing et al.
1997; Puertollano et al. 2001). At the endosomes, the soluble proteins are released according
to the acidic pH and MPRs can be recycled back to the TGN, mediated by Rab9, M6PRBP181

and the retromer complex (Guo et al. 2014).

Sortilin is another identified type-I membrane receptor that sorts lysosomal cargos at the
TGN, but in an M6P-independent way (Coutinho, Prata, and Alves 2012). Sortilin is a
member of the VPS1082 family that binds cargo in the inside of its tunnel-forming luminal {3-
propeller domain (see Figure 15) (Quistgaard et al. 2009). Known cargos are the acid
sphingomyelinase, cathepsin D and H, but also non-lysosomal proteins like the PCSK983
(Braulke and Bonifacino 2009; Canuel et al. 2008; Gustafsen et al. 2014). Similar to MPRs,
sortilin carries GGAs and APs interaction sites in its cytoplasmic tail for vesicle formation and

is recycled back to the TGN in a retromer-dependent manner (Guo et al. 2014; Pfeffer 2011).
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Figure 15: Sorting of soluble lysosomal proteins via transmembrane sorting receptors. As these proteins
cannot directly interact with coat components, soluble proteins bind to cargo receptors that carry a sorting motif
(yellow) in their cytoplasmic tail and interact with adapter proteins of clathrin-coated vesicles (CCVs).
Lysosomal proteins gain a M6P-modification in the Golgi apparatus and are sorted via the homodimeric CD-
MPR or via the monomeric CI-MPR that binds cargo proteins in its luminal domains 3 and 9. In contrast,
sortilin sorts cargo molecules in a M6P-independent manner by binding them in its VPS10-domain. All
receptors interact with several adapter proteins but predominately sort via GGA. Abbreviations: M6P (mannose-
6 phosphate); CI-MPR (cation-independent mannose-6 phosphate receptor); CD-MPR (cation-dependent
mannose-6 phosphate receptor); VPS10 (vacuolar protein sorting/targeting protein 10); GGA (y-ear-containing
Arf-binding protein). Figure created according to Guo et al. 2014.

8 M6PRBP1 = Mannose-6 phosphate-binding protein, 47 kDa
2 VPS10 = Vacuolar protein sorting/targeting protein 10
% PCSK?9 = Protein convertase subtilisin/kexin type 9
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Moreover, other M6P-independent cargo receptors like SorLA84, LIMP-285 and Wntless have
been identified that might be responsible for cargo sorting into CCVs in a similar way.

However as their exact sorting mechanism is still unknown they will not be further discussed.

1.5.3.3 Sorting via lipid domains

Studies also revealed that some proteins are sorted by the interaction with lipids, in form of
lipid rafts (Simons and Ikonen 1997; Simons and Van Meer 1988). According to the lipid raft
hypothesis, saturated lipids like glycosphingolipids (GSL) and sterols, together with proteins,
assemble with each other to functional signaling and protein sorting platforms. These
domains are highly dynamic and can vary in size, lifetime and stability (Hanzal-Bayer and
Hancock 2007; Lingwood and Simons 2010; Simons and Gerl 2010). Since apical membrane
proteins were identified to associate with those isolated detergent-resistant glycolipid-
enriched membranes (DRMs), lipid rafts might especially bear an important sorting function
for apically targeted proteins (Keller and Simons 1997; Mayor and Riezman 2004).

In line with this, evidences become more frequent as specific lipid domains, rich in cholesterol
and sphingolipids, are involved in the sorting of GPI-anchored proteins at the TGN (Brown
and Rose 1992; Muiiiz and Zurzolo 2014; Zurzolo and Simons 2016). This class of proteins is
anchored in the membrane via a GPI-modification that is attached via an amide linkage to the
w-site at the C-terminus of the protein (Kinoshita 2014). Coupling of the GPI-core-anchor
occurs in the ER, whereas the core structure can further be modified by acylation, the addition
of various sugars or the exchange of fatty acids and so enhancing its functionality (Mayor and
Riezman 2004; Paulick and Bertozzi 2008).

Interestingly, raft-associated GPI-anchored proteins were shown to oligomerize to high
molecular weight complexes; and that oligomerization is important for apical sorting
(Paladino et al. 2004, 2007). It was furthermore reported that lipids like cholesterol can
support or even drive the oligomerization of GPI-anchored proteins and so creating distinct
sorting platforms (Paladino et al. 2008; Zurzolo and Simons 2016). In fact, GPI-anchored
proteins were detected in TGN-derived secretory vesicles, rich in SM and sterols (see Figure

16) (Deng et al. 2016; Klemm et al. 2009).

% SorLA = Sortilin-related receptor with A-type repeats
% LIMP-2 = Lysosomal integral membrane protein-2
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Additionally, N- and O-linked glycosylation was supposed to be crucial for self-aggregation of
GPI-anchored proteins and depletion of N- or O-linked glycosylation was shown to missort
apically targeted proteins in polarized cells; however glycosylation itself was not important for
all investigated apical sorting events (Alfalah et al. 1999; Benting, Rietveld, and Simons 1999;
Fiedler and Simons 1995; Gut et al. 1998; Imjeti et al. 2011; Scheiffele, Perdnen, and Simons
1995; Yeaman et al. 1997). Moreover, not all glycosylated apical proteins have self-association
features to direct lipid raft formation, which leads to the idea that some unidentified cargo
receptors might function as clustering agents (Potter et al. 2004; Rodriguez-Boulan, Kreitzer,
and Miisch 2005).

Notably, members of the lectin family (Galelectin-3, -4 and -9) are highly discussed to play a
part in the lipid-based apical sorting of proteins. These carbohydrate-binding proteins have
potential to guide lipid raft formation and were shown to self-associate and regulate transport
of N-glycosylated cargos (Brewer, Miceli, and Baum 2002; Hara-Kuge et al. 2002; Hauri et al.
2000; Yamashita, Hara-Kuge, and Ohkura 1999). Despite the described effects and functions

of galectins, their role in apical cargo sorting has to be further investigated (Furtak, Hatcher,
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Figure 16: Sorting of apical proteins via lipid raft formation. Proteins are distributed throughout the TGN
membrane (top). For sorting, apical proteins are organized in lipid rafts (bottom). Therefore, GPI-anchored
proteins and apical raft transmembrane proteins (TMPs) are clustering due to self-oligomerization or via
clustering agents as lectins that recognize N- or O-linked glycosylation. Furthermore, also lipids like cholesterol
drive the formation of lipid rafts. As a consequence, non-raft TMPs are excluded from lipid rafts. Abbreviations:
GSL (glycosphingolipids), GPI (glycosylphosphatidylinositol). Figure created according to Lingwood and Simons
2010 and Simons and Gerl 2010.
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Altogether, studies could show that the sorting of many apical proteins is dependent on the
membrane lipid composition, the glycosylation status, the GPI-anchor or the interaction with
clustering agents. As a result, the depletion, modification or knock down of those features was
leading to missorting effects (Hansen et al. 2000; Lipardi, Nitsch, and Zurzolo 2000; Nelson
and Yeaman 2001; Surma, Klose, and Simons 2012; Zurzolo and Simons 2016). Nevertheless,
how these congregated proteins are finally packaged and which vesicles are used for transport,

remains to be analyzed.

1.5.3.4 Aggregation-based sorting of secretory storage granule proteins

Specialized cells like exocrine, endocrine, neuroendocrine or neuronal cells contain secretory
granules (SGs); specific dense core post-Golgi organelles that function as a storage
compartment for (pro)hormones or glycoproteins before they are secreted upon external
stimuli (Arvan and Castle 1998; Elias et al. 2010; Tooze 1998). SGs are formed as immature
SGs that undergo a maturation, a process which is still obscure (Morvan and Tooze 2008;
Tooze and Tooze 1986; Urbé, Page, and Tooze 1998).

Two different models have been described for the sorting of proteins into SGs in the past. The
“sorting by retention” model suggests, that immature SGs are formed out of the TGN,
containing a variety of proteins. Subsequently, non-granule proteins are specifically sorted
away from the SG via CCVs to e.g. endosomes and lysosomes, whereas SG proteins are
retained in the SG, probably due to aggregation (Borgonovo, Ouwendijk, and Solimena 2006;
Dannies 1999; Tooze 1998). In this regard, studies were able to detect lysosomal proteins like
procathepsin L or procathepsin B in immature SGs that have been removed during the SG
maturation process (Kuliawat et al. 1997; Kuliawat and Arvan 1994). Moreover, adapter
proteins as GGA and AP-1A - necessary for the formation of CCVs, as well as MPRs -
important for the transport of lysosomal cargo, localized at SGs. As a result, CCV cargos were
retained in the SGs, when adapter proteins like GGA were blocked (Ditti¢, Hajibagheri, and
Tooze 1996; Dittié, Klumperman, and Tooze 1999; Kakhlon et al. 2006; Klumperman et al.
1998; Orci et al. 1985).

In contrast, the “sorting for entry” model postulates that sorting of SG molecules actively
occurs at the TGN. There, secretory proteins interact with the TGN membrane most likely by
selective aggregation and therefore are sorted into immature SGs (Borgonovo et al. 2006;

Dannies 1999; Tooze 1998). Evidence for this is shown by the proteins of the granin family,
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which are highly expressed in SG containing cells. Members of this family like SgII®¢, CgA87
or CgB® are proned to aggregate at mildly acidic pH and high Ca** concentrations, which
enables segregation and sorting of cargos (Chanat and Huttner 1991; Colomer, Kicska, and
Rindler 1996; Cowley et al. 2000; Gerdes et al. 1989). Furthermore it is assumed that
aggregating proteins function as “helper proteins” for (pro)hormones that do not aggregate
and sort them into immature SGs (Dannies 2001; Elias et al. 2010). Regarding this, CgA
knockout mice showed an decreased amount of secretory storage granules and physiological
defects due to defects in (pro)hormone as well as neurotransmitter storage and secretion
(Gayen et al. 2010; Gayen, Gu, et al. 2009; Gayen, Saberi, et al. 2009). Other SG proteins like
Sglll, PC-1/3 and PC-2 are known to interact with lipid rafts and so potentially regulate
sorting (Blazquez et al. 2000; Dikeakos et al. 2009; Hosaka et al. 2004).

In summary, the findings for the different models are not necessarily contradictory. Not much
is known about the processing of SGs and which proteins and factors are needed for proper
SG maturation. Whereas SG proteins might be actively sorted into immature SGs, these
organelles might still function as another sorting station for the recycling of non-secretory
molecules. Aggregation might be important for both described scenarios, as it can drive the
active sorting of SG components, as well as it mediates the retention of proteins that should
stay in the SGs and not be sorted into budding vesicles (Dannies 1999). Both models also
comply with the bona fide sorting of transmembrane proteins or lysosomal hydrolases as

described above and so preventing their secretion (Borgonovo et al. 2006; Tooze 1998).

1.5.4 Ca’"-dependent sorting of soluble secreted proteins via the Cab45-machinery

The sorting of soluble secreted proteins still poses a challenge in the field, as neither common
recognition motifs, nor cargo receptors have been identified for those molecules. Actively
transported out of the cell, these molecules are involved in many physiological events like cell-
cell communication, development or tissue integrity (Blank and von Blume 2017; Cavalli and
Cenci 2020; Farhan and Rabouille 2011; Kelly 1985; Kienzle and von Blume 2014).

Three of those proteins are part of the present thesis and therefore mentioned briefly. Among

them is LyzC, a hydrolytic enzyme involved in the hydrolysis of $-(1,4)-glycosidic bonds and

8 Sgll = Secretogranin
% CgA = Chromogranin A
% CgB = Chromogranin B

44



Introduction

important for the degradation of peptidoglycan in bacterial cell walls (Callewaert and Michiels
2010; Ragland and Criss 2017). As a result, defects in LyzC secretion are e.g. associated with
decreased immune defense or inflammation of the gastrointestinal tract (Deckers et al. 2008;
Ragland and Criss 2017; Rubio 2015).

COMP® another secreted cargo, interacts with many ECM proteins like fibronectins,
collagens or aggrecan as well as with cell surface receptors like integrin subunits (Di Cesare et
al. 2002; Chen et al. 2005, 2007; Thur et al. 2001). Therefore, COMP is a major factor in ECM
remodeling (Acharya et al. 2014). Depletion of COMP is linked to skeletal disorders in
humans as short-limb dwarfism or early-onset osteoarthritis, due to matrix degenerations (Di
Cesare et al. 1996; Svensson et al. 2002).

Other secreted proteins that play an important role in ECM turnover are the members of the
MMP?0 family. MMPs are Zn**-dependent proteases that are mainly synthesized in an
inactive form and activated by cleavage of their propeptide that is blocking the catalytic
pocket (Tallant, Marrero, and Gomis-Riith 2010). Activation is mediated by TIMPs°! and
might be supported in the presence of other MMPs (Fernandez-Catalan et al. 1998; Han et al.
2015). According to their substrate specificity, MMPs are grouped to e.g. collagenases,
gelatinases, stromelysins, elastases or aggrecanases, however many of them are able to degrade
more than one substrate, i.e. MMP2 (N. Cui, Hu, and Khalil 2017). Mainly considered as a
gelatinase, MMP?2 is also able to degrade collagens or fibronectins (Hardy, Hardy-Sosa, and
Fernandez-Patron 2018). Furthermore, MMP?2 is activated at the cell surface by TIMP2 in a
complex together with the membrane-bound MT1-MMP?? (also known as MMP14) (Egawa
et al. 2006; Fernandez-Catalan et al. 1998; Han et al. 2015; Remacle, Murphy, and Roghi
2003). In general, the meticulous secretion and activation of MMPs is crucial, as defects are

linked to many diseases i.a. skeletal disorders, arthritis or metastatic cancer (Malemud 2006).

As there is no known mechanism for the sorting of these molecules, the laboratory of Dr. Julia
von Blume investigates how soluble secreted proteins are sorted at the TGN. In the recent
years, von Blume and coworkers identified a receptor-independent sorting machinery that is
based on Ca** and the interplay of cofilin/ADF®3, the Secretory Pathway Ca**-ATPase 1
(SPCAL1), sphingomyelin (SM) and the Ca**-binding protein 45 kDa (Cab45) (Blank and von

% COMP = Cartilage oligomeric matrix protein

% MMP = Matrix metalloproteinase

! TIMP = Tissue inhibitors of metalloproteinase

> MT1-MMP = Membrane type 1-matrix metalloproteinase
% ADF = Actin depolymerizing factor
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Blume 2017; von Blume et al. 2009, 2011, 2012; Crevenna et al. 2016; Curwin, von Blume, and
Malhotra 2012; Deng et al. 2018; Kienzle et al. 2014; Pakdel and von Blume 2018). By
exploring those components in greater detail, important questions have been solved,
regarding: How do these components facilitate cargo sorting? What is the role of Ca’* in the
TGN? How is Ca** imported? Which cargo molecules are concentrated and sorted? And how

are sorted cargo molecules shuttled to the PM?

1.5.4.1 Cofilin regulates SPCA1-mediated Ca’*-influx into the TGN

To identify novel genes that are involved in the sorting and trafficking of soluble secreted
molecules, a secretion-based, genome-wide RNA-interference screen in Drosophila S2 cells
was performed. Measuring the secretion of the artificial cargo ss-HRP% revealed that besides
other factors, twinstar was required (Bard et al. 2006). Further studies could also show that
knockdown of the twinstar orthologous in yeast (cofl) and mammals (cofilin1/cofilin2/ADF)
led to secretion defects of secretory proteins (von Blume et al. 2009; Curwin et al. 2012).
Cofilin/ADF are actin-binding proteins that bind filamentous as well as globular actin via an
a-helix structure, and are able to (dis)assemble actin polymers (Bamburg and Bernstein 2010;
Kanellos and Frame 2016; Moriyama 1999). Phosphorylation by LIM-kinase keeps
cofilin/ADF in an inactive state, whereas dephosphorylation by slingshot phosphatases
activates their actin remodeling function (Agnew, Minamide, and Bamburg 1995; Arber et al.
1998; Bamburg 1999; Niwa et al. 2002). In addition to the role in apoptosis or contractility, the
Drosophila homolog twinstar was also shown to regulate planar cell polarity (Blair et al. 2006;
Kanellos and Frame 2016). But what is the consequence of actin remodeling for protein
sorting?

Using a mass spectrometry approach of cofilinl immunoprecipitations identified actin and
SPCAL1 as potential interaction partners (von Blume et al. 2011). As introduced in chapter
1.4.4.1, SPCAL1 is a Ca’*-ATPase in the TGN membrane and faces the cytosol with its N- and
C-terminus and 4 cytosolic loops (Blank and von Blume 2017; Missiaen et al. 2007).
Immunofluorescence and interaction studies demonstrated that activated cofilinl localizes at
the TGN and interacts with the P-domain of SPCA1, present in the second cytosolic loop (see
Figure 17). Interestingly, this interaction recruits F-actin to the TGN, which is necessary for
Ca**-influx into the lumen of the sorting compartment (von Blume et al. 2009, 2011; Kienzle

et al. 2014). Which other upstream components and signaling pathways are necessary to

% ss-HRP = Horseradish peroxidase with signal sequence
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activate SPCA1 are unknown, however crosslinking experiments further could show that the
Ca’*-pump localizes in locally enriched SM domains (Deng et al. 2018).

As an overall finding, each of these components is able to regulate pumping activity of
SPCAL. Either the depletion of SM, the knockdown of cofilinl or the knockdown of SPCA1
itself significantly decreased free TGN Ca’" levels and was linked to sorting defects (Bard et al.
2006; von Blume et al. 2009, 2011; Deng et al. 2018; Kienzle et al. 2014; Kienzle and von Blume
2014).

1.5.4.2 Cab45 oligomerizes and binds specific cargo molecules

SPCA1 mediates Ca**-uptake into the TGN, but what is the role of Ca** in secretory cargo
sorting? Whereas the knockdown of cofilin-1 showed that secretion of many proteins was
decreased, some proteins were also hyper-secreted. Interestingly, among them was Cab45 - a
Ca**-binding protein (von Blume et al. 2009). As mentioned before (see chapter 1.4.4.3),
Cab45 is a TGN-localized protein that binds Ca* with its EF-hand motifs in a pairwise-
manner (Blank and von Blume 2017; Scherer et al. 1996). In vitro oligomerization and
interaction studies further unveiled that Cab45 oligomerizes in the presence of Ca** to high
weight complexes that bind specific client molecules like LyzC or COMP (see Figure 17).

In contrast, the Cab45 Ca’*-binding-deficient mutant Cab45-6EQ (replacement of glutamic
acid to glutamin in all 6 EF-hand motifs) failed oligomerization and cargo binding (Blank and
von Blume 2017; von Blume et al. 2012; Crevenna et al. 2016). Later on it was shown that
especially EF-hand pair I and pair III were essential for Ca**-binding and oligomerization
(Deng et al. 2018). 3D structural illumination microscopy experiments further could confirm
that SPCA1, Cab45 and the client LyzC are clustering in the TGN, and that all the

components are in close proximity with each other (Crevenna et al. 2016).

1.5.4.3 Sorting of the Cab45-cargo-complex into SM-rich vesicles

As discussed before, there is no general described mechanism for the sorting of soluble
secreted molecules at the TGN. Strikingly, similar to the behavior of Cab45, also SG proteins
and GPI-anchored proteins are claimed to be sorted upon oligomerization (Colomer et al.
1996; Dannies 2001; Simons and Gerl 2010; Zurzolo and Simons 2016). Moreover, the latter
are sorted into SM- and cholesterol-rich vesicles, and SM is enriched at SPCA1 localization
sites (von Blume and Hausser 2019; Deng et al. 2016, 2018; Klemm et al. 2009; Simons and
Ikonen 1997).
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In line with this, analysis of cytosolic SM-rich vesicles via mass spectrometry was able to
detect Cab45 as well as LyzC in those transport carriers (Deng et al. 2018). This was
surprising, since Cab45 was annotated as a Golgi-resident protein (Scherer et al. 1996).
However, further studies by live cell imaging confirmed that Cab45 together with LyzC is
specifically sorted into SM-rich vesicles that bud from TGN (see Figure 17). Additionally, the
oligomerization-potential of Cab45 seems to be important for the sorting process, as Cab45-
6EQ buds in different, uncharacterized vesicles (Deng et al. 2018). Overall, several secretion
assays could demonstrate that a knockout or knockdown of cofilinl, SPCA1, Cab45 or SM
synthases 1&2 resulted in a decreased secretion of LyzC or COMP (Bard et al. 2006; von
Blume et al. 2009, 2011, 2012; Crevenna et al. 2016; Deng et al. 2018; Kienzle et al. 2014).
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Figure 17: The sorting of soluble secreted cargo molecules via the Cab45/SPCA1-machinery. Some secretory
molecules are sorted in a Ca**-dependent, receptor-independent sorting mechanism. Upon activation, cofilinl
interacts with the P-domain of the Secretory Pathway Ca**-ATPase 1 (SPCA1) in its second cytosolic loop and
recruits F-actin to the trans-Golgi network (TGN). As a result, Ca** is pumped into the lumen of the TGN and
locally increases the Ca** concentration. The Ca**-binding protein Cab45 oligomerizes in a Ca**-dependent way
and binds specific cargo molecules like LyzC or COMP. In an unknown manner, Cab45 together with its clients
is sorted into sphingomyelin(SM)-rich vesicles and transported to the PM, where they are released into the
extracellular space. Abbreviations: LyzC (lysozyme C); COMP (cartilage oligomeric matrix protein); PM (plasma
membrane). Figure created according to Deng et al. 2018.

48



Aims of the thesis

2. Aims of the thesis

As part of the Secretory Pathway, the Golgi apparatus plays a major role in protein trafficking
and sorting in eukaryotic cells. Although many of those mechanisms have been identified
during the last decades, especially how soluble secreted molecules are transported within the
Golgi apparatus and secreted into the extracellular space, still poses a challenge. For this very
reason, protein trafficking and secretion became an important research topic, as defects were
associated with severe diseases like diabetes, neurological disorders or cancer (Dong and
Kwon 2009; Meas and Guillausseau 2011; Villarreal et al. 2013).

Due to the lack of recognition motifs and cargo receptors for those molecules, our lab is
focusing on Ca*-mediated sorting processes at the Golgi apparatus that involve the luminal
Ca**-binding protein Cab45 in an interplay with lipids and the Ca**-ATPase SPCAl. To
further strengthen our proposed mechanism and to deepen our knowledge of how Ca** is
additionally contributing in the transport and sorting of soluble secreted proteins, the main

aims of this thesis were:

1) Identification of similar Ca**-dependent transport and sorting processes in the Golgi
complex

2) Identification of missing factors that are involved in Cab45-dependent cargo sorting

3) Analysis of Cab45 post-translational modifications and their contribution to its
oligomerization and sorting behavior
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3. Results

3.1 NUCBI regulates ECM degradation by promoting intra-Golgi trafficking of
MMPs

The eukaryotic cell is defined by the presence of membrane-bound organelles, each with its
own unique array of proteins and defined lipid compositions that enable them to perform
important specialized biochemical functions. Therefore, the correct modification and
distribution of proteins and lipids is crucial to maintain cellular homeostasis. As part of the
Secretory Pathway, the Golgi apparatus plays an essential role in both of these processes. Here,
proteins and lipids are modified in a step-wise manner, migrating through the Golgi cisternae
before finally being transported to their downstream destinations. As Ca** homeostasis has
been shown to be essential for cargo transport, the Golgi apparatus meticulously regulates its
Ca** levels via Ca**-pumps, ion channels and Ca**-binding proteins. Nevertheless, how exactly
cargo molecules are transported within the Golgi complex remains a subject of intense debate
in the field. In this study the trafficking of MMPs along the Secretory Pathway, particularly
the secreted gelatinase MMP2, was investigated.

By performing pull-down experiments, followed by mass spectrometry analysis of isolated
Golgi fractions of cells transfected with MMP2-GFP% or GFP only as a control, we initially
identified the cis-Golgi Ca’*-binding protein NUCBI as potential interaction partner of
MMP2 (Pacheco-Fernandez et al. 2020 - Figure 1). Using co-immunoprecipitation and
analytical ultracentrifugation, we furthermore could confirm a direct interaction between the
two proteins (Pacheco-Fernandez et al. 2020 - Figures 1 and S3). Consequently, we generated
NUCBI-KO cells to elucidate its role in intra-Golgi transport of MMP2 (Pacheco-Fernandez
et al. 2020 - S1). By monitoring the synchronous transport of MMP2 along the Secretory
Pathway, we demonstrated that depletion of NUCBI1 leads to delayed cargo transport
exclusively through the Golgi complex (Pacheco-Fernandez et al. 2020 - Figures 2, 3 and 4).
Subsequently, MMP2 mediated cell migration and matrix invasion was impaired as a result of
the delayed transport of MMP2 along the Golgi (Pacheco-Fernandez et al. 2020 - Figures 7
and 8). Similarly, MT1-MMP, another MMP and activator of MMP2, exhibits a delayed

transport to the cell surface of NUCB1-KO cells, whereas other Golgi traversing proteins like

% GFP = Green fluorescence protein
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LyzC and CatD?¢ were not affected (Pacheco-Fernandez et al. 2020 - Figures S4 and S5).

Finally, we investigated the influence of Ca’* in these trafficking processes. Initially, we
mutated the two Ca**-binding EF-hand motifs in NUCBI1 and revealing their importance in
MMP2 binding and transport (Pacheco-Fernandez et al. 2020 - Figure 5). Moreover, by
utilizing various Golgi Ca**-sensors we determined that NUCBI is essential for the Ca®*

homeostasis of the cis-Golgi (Pacheco-Fernandez et al. 2020 - Figure 6).

% CatD = Cathepsin D
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Matrix metalloproteinases (MMPs) degrade several ECM components and are crucial modulators of cell invasion and tissue
organization. Although much has been reported about their function in remodeling ECM in health and disease, their trafficking
across the Golgi apparatus remains poorly understood. Here we report that the cis-Golgi protein nucleobindin-1 (NUCB1) is
critical for MMP2 and MT1-MMP trafficking along the Golgi apparatus. This process is Ca?*-dependent and is required for
invasive MDA-MB-231 cell migration as well as for gelatin degradation in primary human macrophages. Our findings emphasize
the importance of NUCB1 as an essential component of MMP transport and its overall impact on ECM remodeling.

Introduction

Organogenesis, growth, and physiological tissue turnover re-
quire constant rearrangement and degradation of ECM proteins
(Apte and Parks, 2015; Theocharis et al., 2019). For these pur-
poses, human cells secrete a wide variety of different proteases,
among which matrix metalloproteinases (MMPs) have been
identified as a major group promoting ECM turnover
(Kessenbrock et al., 2010; Jobin et al., 2017).

MMPs are Zn?*-dependent proteases that degrade various
ECM components, such as collagen, gelatin, and fibronectin
(Endo et al., 2003; Khokha et al., 2013; Cui et al., 2017). To date,
23 MMPs have been described in humans, which can be grouped
into different families based on their substrate specificity (Cui
et al., 2017). For instance, MMP2, a well-studied member of the
family of gelatinases, is involved in endothelial transmigration,
angiogenesis, inflammatory responses, and cancer metastasis
(Reichel et al., 2008; Vandooren et al., 2013; Kénnecke and
Bechmann, 2013; Bonnans et al., 2014; Hannocks et al., 2019).

To ensure proper functioning of these critical processes, the
activity of all MMPs is meticulously controlled. All MMPs except
MMP23 share a basic structure, with three domains designated
as propeptide, catalytic, and hemopexin (Fig. 1 A; Cui et al,,
2017). The propeptide is crucial for MMP activation because it
contains a “cysteine switch” motif in which cysteine binds to the
Zn?* jon of the catalytic pocket. Once this linkage is cleaved, the
catalytic pocket is accessible and the MMP becomes active
(Tallant et al., 2010; Cui et al., 2017; Alaseem et al., 2019). For
MMP2, this activation step occurs mainly at the plasma mem-
brane and is mediated by membrane type 1 (MT1)-MMP, a

membrane-bound protein of the same family that, in conjunc-
tion with tissue inhibitor of metalloproteinase 2 (TIMP2),
cleaves the propeptide domain (Fernandez-Catalan et al., 1998;
Brew and Nagase, 2010; Han et al., 2015). This interplay between
MT1-MMP and MMP2 is the main step in invasive cell migration
and ECM proteolysis, as shown by previous studies that have
demonstrated their accumulation at characteristic proteolytic
adhesion spots, such as podosomes in myeloid cells and in-
vadopodia in cancer cells (Van Goethem et al., 2010; Jacob et al.,
2013; Shaverdashvili et al., 2014; Han et al., 2015; Linder and
Wiesner, 2015).

Soluble and membrane-associated MMPs are synthesized as
inactive precursors (zymogens) in the ER and then transported
to the Golgi apparatus, as described for other cargoes of the
secretory pathway (Barlowe and Miller, 2013; McCaughey and
Stephens, 2018). Upon reaching the Golgi, they are sorted and
transported to specific membrane domains at the cell surface
(Deryugina et al., 2004; Kean et al., 2009; Frittoli et al., 2014;
Kajiho et al., 2016). Thus far, several cytosolic factors such as
microtubules and motor proteins as well as Rab GTPases are
considered necessary for MMP transport (Sbai et al., 2010;
Wiesner et al., 2010, 2013; Gueye et al., 2011; Frittoli et al., 2014;
Linder and Scita, 2015; Jacob et al., 2016).

The divalent ion calcium (Ca®*) is a key component of the
reaction by which secretory cargoes are sorted and packed for
transport out of the Golgi apparatus (Porat and Elazar, 2000;
Ton and Rao, 2004; Pizzo et al., 2010; Lissandron et al., 2010;
Rayl et al., 2016; Margulis et al., 2016). Recent studies have
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Figure 1. Identification of candidates involved in the trafficking of MMP2. (A) Scheme of the MMP2 RUSH construct. SS-Flag-MMP2-HA-SBP-eGFP was
used as a reporter. Fluorescence images show Hela cells expressing MMP2-SBP-eGFP counterstained against TGN46 (red). Without biotin, MMP2 is retained in
the ER (0 min). It reaches the Golgi 15 min after biotin addition and is sorted into vesicles (arrowheads) at 30 and 45 min, respectively. Scale bars, 5 um. (B) MS
strategy to identify MMP2 interacting partners in the Golgi. HeLa cells expressing MMP2-SBP-eGFP or SS-SBP-eGFP were incubated for 20 min with biotin to
enrich reporter proteins at the Golgi. After GFP IP, samples were analyzed using MS (n = 3). (C) Volcano plot highlights significantly enriched MMP2 interactors
in pink. 42 sorting-related candidates were found, among them TIMP2, a known inhibitor of MMP2, and NUCB1. Two-sample t test, false discovery rate = 0.3,
minimum fold change = 0.5. (D) Fluorescence images of Hela cells labeled with endogenous NUCB1 (green) and GM130 or TGN46 (red). Scale bars, 5 pm;
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zoom, 2 um. (E) HEK 293T cells expressing SS-MMP2-SBP-eGFP or SS-SBP-eGFP were processed for GFP IP and WB analysis. (F) Semiquantitative analysis of
the normalized NUCBL to GFP signal from two independent experiments. Significance: one-sample t test. (G) His-tag colP of recombinant rNUCB1-His. En-
dogenous MMP2 from Hela Golgi membranes coimmunoprecipitated with rNUCB1-His but not rGFP-His. (H) Semiquantitative analysis of the MMP2 signal
from three independent experiments. Bars, mean + SD. Paired t test: *, P < 0.05; ***, P < 0.001.

revealed the molecular mechanisms by which Ca?*-based cargo
sorting and export occur at the Golgi (Micaroni et al., 2010; Deng
et al,, 2018). In this regard, Cab45, a soluble Ca**-binding pro-
tein, acts on local, transient Ca?* influx at the trans-Golgi net-
work (TGN). After mediated influx by Ca?>* ATPase SPCAL,
Cab45 assembles into oligomers and sorts secretory cargoes into
sphingomyelin-rich transport carriers (von Blume et al., 2011,
2012; Crevenna et al., 2016; Deng et al., 2018).

Human cells express another luminal Golgi Ca?*-binding
protein called nucleobindin-1 (NUCBI), which, in contrast to
Cab45, localizes to the cis-Golgi compartment (Lin et al., 1998,
1999; Lavoie et al., 2002; Tulke et al., 2016). Earlier studies have
postulated NUCBI to be a regulator of endosomal recycling of
lysosomal receptors (Brodeur et al., 2009; Larkin et al., 2016);
however, whether NUCBI has a role in the anterograde intra-
Golgi (IG) transport of proteins is unknown.

Here we identify NUCB1 as an MMP2 binding partner and
show that NUCBI is required for its trafficking through the Golgi
apparatus. The functional association of MMP2 and NUCB1 oc-
curs in the lumen of the cis-Golgi compartment in a Ca%*-de-
pendent manner and is required for MMP2 and MTI1-MMP
trafficking through the Golgi. We provide further evidence that
NUCBI silencing perturbs ECM degradation in human primary
macrophages, as well as MMP-dependent ECM degradation and
invasive cell migration in MDA-MB-231 cells, highlighting the
physiological relevance of NUCBI in MMP2 and MTI-MMP
trafficking. Our study provides insight into the molecular
mechanisms underlying MMP IG transport and identifies NUCB1
as a central regulator of protein trafficking at the cis-Golgi.

Results

Visualization of MMP2 trafficking in living cells

The “retention using selective hooks” (RUSH) system was used
to investigate MMP2 trafficking (Boncompain et al., 2012). This
system allows quantitative analysis of the secretory pathway by
synchronous release of cargo, which is achieved at a physio-
logical temperature using biotin (Boncompain et al., 2012). We
generated an MMP2 construct C-terminally tagged with strep-
tavidin binding peptide (SBP) followed by an enhanced green
fluorescent protein (eGFP) to obtain the fusion protein signal
sequence (SS)-MMP2-SBP-eGFP as a reporter, whereas strep-
tavidin tagged KDEL was used as an ER retention hook (Fig. 1 A).
Confocal microscopy images show that in the absence of biotin,
MMP2 localized to the ER. Upon 15 min of biotin incubation,
MMP2 reached the Golgi and localized to secretory vesicles after
30 and 45 min (Fig. 1 A). We also confirmed that MMP2-eGFP is
actually secreted from cells by staining the released protein with
an anti-GFP antibody (Fig. S1 A). Furthermore, we costained
MMP2-GFP vesicles with Rab5, Rab6, Rab7, Rab8, Rabll,
mCherry lysosomes, and Lysozyme C (LyzC)-mCherry (Fig. S2).
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MMP2 containing TGN-derived vesicles did not overlap with
any of these endosomal, lysosomal, or Rab GTPase markers.
Nevertheless, MMP2 TGN-derived vesicles partially colocalized
with LyzC, a protein sorted into sphingomyelin-rich vesicles.
Hence, the RUSH assay robustly monitors MMP2 trafficking
through the secretory pathway.

Identification of novel interaction partners controlling

MMP?2 trafficking

To gain insight into the molecular mechanism of MMP2 traf-
ficking, we implemented a novel proteomics approach to iden-
tify endogenous interacting proteins involved in protein
transport (Fig. 1 B). HeLa cells expressing either SS-MMP2-SBP-
eGFP or SS-SBP-eGFP were incubated for 20 min with biotin to
enrich the reporter proteins at the Golgi, subjected to GFP im-
munoprecipitation (IP), and analyzed by mass spectrometry
(MS, Fig. 1 B). We identified 42 interacting proteins significantly
enriched in SS-MMP2-SBP-eGFP IPs (Table Sl and Fig. 1 C).
MMP2 and a widely described interacting protein (TIMP2) were
significantly enriched, validating our results (Fig. 1 C). Fur-
thermore, NUCBI, an EF-hand domain (EFh) Ca2*-binding pro-
tein that localizes to the cis-Golgi and is considered to be its
major luminal Ca?* regulator, was identified. NUCB1 and Cab45
share several similarities, as both are luminal Ca?* resident
proteins in the Golgi and belong to the same EFh protein family.
Given that Cab45 has been described as crucial in Ca?*-depen-
dent sorting of soluble secretory proteins (von Blume et al., 2012;
Crevenna et al., 2016; Deng et al., 2018), we focused on eluci-
dating the role of NUCBI in MMP2 trafficking.

NUCB1 interacts with MMP2 at the Golgi
We first corroborated the reported localization of NUCBI in
HelLa cells by costaining endogenous NUCB1 with the cis- and
trans-Golgi markers GM130 and TGN46, respectively (Fig. 1 D).
Colocalization with GM130 but not with TGN46 indicates a cis-
Golgi localization, in agreement with previous reports (Lin et al.,
1998). Based on the MS results, we performed IP experiments to
verify the interaction of MMP2 with NUCBI (Fig. 1 E). To this
end, HEK293T cells expressing SS-MMP2-SBP-eGFP or SS-SBP-
eGFP were incubated with biotin for 15 min to accumulate MMP2-
eGFP or SS-eGFP in the Golgi, and IPs were performed. Western
blotting (WB) with GFP and NUCBI antibodies (Fig. 1 E) evidenced an
interaction between endogenous NUCB1 and MMP2-eGFP but not
with SS-SBP-GFP (Fig. 1, E and F). To further validate such inter-
action in the Golgi, we incubated recombinant His-tagged NUCBI1
(rNUCB1-His; Fig. S3 A) or GFP (rGFP-His) with detergent-
solubilized Golgi membranes purified from HeLa cells (von Blume
et al., 2012). Ni-NTA pull-downs showed endogenous MMP2 coIP
with rNUCBI-His, but not with rGFP-His (Fig. 1, G and H).

To better characterize the interaction between NUCBI and
MMP2, we generated purified recombinant His-SUMO-MMP2
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(rHS-MMP2; Fig. S3, B and C) and performed analytical ultra-
centrifugation (AUC), a technique that shows sedimentation of
macromolecules in solution. For this experiment, rHS-MMP2
was bioconjugated with Cy3 via maleimide labeling and ana-
lyzed by AUC. As expected, the sedimentation peak of rHS-
MMP2-Cy3 occurred at 4.705 S (measured Stokes radius at 20°C:
4.41nm), and the calculated molecular weight was ~87.1 kD (Fig.
S3 D). Then, we evaluated the AUC profiles of rHS-MMP2-Cy3
and rNUCBI-His in solution (Fig. S3 E), finding a peak at 3.189 S
that indicates a shift in the sedimentation velocity and is asso-
ciated with a direct interaction between NUCB1 and MMP2
(Stokes radius at 20°C: 8.41 nm). The calculated molecular
weight was 112 kD, close to the theoretical molecular weight of
the complex (Fig. S3 E). Altogether, these data confirmed that
NUCBI interacts with MMP?2 in the Golgi.

MMP2 trafficking is delayed in NUCB1 knockout (KO) cells
Next, we generated NUCB1-KO HeLa cells using CRISPR/Cas9
and confirmed the KO by WB and immunofluorescence (Fig. S,
B-D). We then analyzed the impact of NUCBL on MMP2 traf-
ficking by monitoring the transport kinetics of MMP2 at a
single-cell level using the RUSH system in control and NUCBI-
KO cells (Fig. 2 A). Quantification of SS-MMP2-SBP-eGFP-
containing vesicles showed that the median number of vesicles
in control cells after 30 min of biotin addition was 29 (inter-
quartile range [IQR], 17-52.75), whereas it was significantly re-
duced to 8 (IQR, 3-26) in NUCBI-KO cells (Fig. 2 B). Reexpression
of NUCBI-WT fully restored the amount of SS-MMP2-SBP-
eGFP-positive vesicles to control levels in NUCB1-KO cells (me-
dian, 36.5; IQR, 17-51.75; Fig. 2 B).

Previous studies have documented the expression of NUCBI
in the lumen of the Golgi as well as in the cytosol (Brodeur et al.,
2009; Kapoor et al., 2010). To confirm that Golgi-localized
NUCBI is exclusively required to rescue the described MMP2
trafficking delay, NUCB1-KO cells were transfected with cyto-
solic NUCB1 (NUCBI-cyto). Importantly, NUCBI-cyto could not
rescue the delay observed in NUCBI1-KO cells, further confirm-
ing that Golgi-localized NUCBI is necessary for MMP2 traffick-
ing (Fig. S4, A and B).

To assess the specificity of this defect, we performed RUSH
experiments using the Cab45 cargo lysozyme C (LyzC)-eGFP
(LyzC-SBP-eGFP; Deng et al., 2018). Cells were imaged at 20, 40,
and 60 min after biotin incubation to quantify cytosolic vesicles
(Fig. 2 C), showing that NUCBI depletion does not alter LyzC
trafficking (Fig. 2 D). Simultaneously, we monitored Flag-tagged
SS-MMP2-SBP-eGFP and SS-LyzC-SBP-eGFP secretion in a pool
of control and NUCB1-KO HeLa cells. WB analysis of cell culture
supernatants showed reduced secretion of SS-MMP2-SBP-eGFP
in NUCBI-KO cells after 45 min of biotin incubation (Fig. 2, E and
F); however, no effect was observed for SS-LyzC-SBP-eGFP. To
further validate the specificity of NUCB1 and MMP2 binding, we
evaluated whether there was an interaction between LyzC-eGFP
with NUCBL. Whereas NUCB1 specifically interacted with
MMP2, it did not bind to LyzC in HeLa control, NUCBI1-KO, or
NUCBI-WT reconstituted cells (Fig. 2, G and H).

Moreover, to evaluate whether NUCBI is required for the
trafficking of other members of the MMP family, we analyzed
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Nucleobindin-1 regulates MMP secretion

the trafficking of MT1-MMP (Fig. S4 C). Control and NUCBL-KO
cells with or without reexpression of NUCBI-WT were tran-
siently transfected with the RUSH construct SS-MT1-MMP-SBP-
mCherry and analyzed at 30, 60, and 90 min after biotin addition
(Fig. S4 D). Quantification of SS-MT1-MMP-SBP-mCherry-
positive vesicles at 60 min after biotin addition showed a sig-
nificant reduction in number of vesicles in NUCBI-KO cells
(median, 2.5; IQR, 0.25-7) compared with the Hela control
(median, 10; IQR, 4-36; Fig. S4 E). Importantly, reexpression of
NUCBI-WT restored the numbers of positive MT1-MMP vesicles
to control levels (median, 13; IQR, 7.5-21; Fig. S4 E).

To determine if the trafficking of endogenous MT1-MMP to
the cell surface was affected by NUCBI, we performed a cell
surface biotinylation assay. Briefly, after HeLa or NUCB1-KO
cells were incubated with sulfo-NHS-SS-biotin for 90 min, bi-
otinylated proteins were pulled down using NeutrAvidin beads.
WB analysis revealed less endogenous MT1-MMP on the cell
surface of NUCB1-KO cells than on HeLa control cells (Fig. S4 F),
confirming a defect in the transport of endogenous MT1-MMP to
the cell surface (Fig. S4 G).

Taken together, these results indicate that NUCBI is a specific
component for the trafficking of MMP2 and MT1-MMP. Given
that MT1-MMP can activate MMP2 at the plasma membrane, we
investigated whether reduced secretion of MMP2 could be re-
lated to a defect in the surface availability of MT1-MMP. For this
purpose, we performed gel zymography of cell culture super-
natants from HeLa and NUCBI1-KO cells expressing SS-MMP2-
SBP-eGFP after 45 min of biotin incubation. We observed no
differences in MMP2 activity between NUCBI-KO and HelLa
control cells (Fig. S5, A and B), indicating that the differences
observed in the secretion phenotype are not caused by an acti-
vation defect.

To further investigate the role of NUCBI in secretory protein
trafficking, we analyzed the secretion of SS-HRP in control and
NUCB1-KO cells. Similar to LyzC, SS-HRP secretion was not af-
fected by NUCB1-KO (Fig. S5, C and D). We also tested if NUCB1
impacted protein transport to lysosomes by monitoring the
trafficking of cathepsin D (cathD). After 20, 40, and 60 min of
biotin incubation, confocal microscopy images of control and
NUCBI-KO cells expressing SS-SBP-eGFP-cathD revealed no
differences in the number of cathD vesicles between these cells,
indicating that protein transport to lysosomes was not affected
by NUCBLI (Fig. S5, E and F). Overall, our data show that NUCBI is
not a universal regulator of protein trafficking in the secretory
pathway, but rather it plays a specific role in MMP2 trafficking.

NUCBL facilitates MMP2 IG transport

To better dissect the role of NUCBI in the trafficking of MMP2,
we performed RUSH experiments in control and NUCB1-KO cells
costained with ER-Golgi intermediate compartment (ERGIC)
and Golgi markers. Early trafficking of MMP2 from the ER to
ERGIC was monitored by colocalization of MMP2 and ERGIC-
resident 53-kD membrane protein (ERGIC53). After 2.5, 5, and
7.5 min of biotin incubation (Fig. 3 A), Pearson’s correlation
coefficients (PCs) of MMP2 and ERGIC53 showed no significant
differences between control and NUCB1-KO cells, suggesting no
traceable MMP2 trafficking defect from ER to Golgi (Fig. 3 B). In
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Figure 2. NUCB1-KO impairs the trafficking of MMP2. (A) Fluorescent images of HeLa or NUCB1-KO cells expressing SS-MMP2-SBP-eGFP with or without
NUCB1-WT, counterstained against NUCB1 (red) and captured after 0, 15, 30, and 45 min of biotin incubation. Arrowheads, cytoplasmic vesicles. Scale bars, 5
um. (B) Cytoplasmic vesicle counts as described in A are plotted as number of vesicles per cell (n = 90 cells, median + IQR of two independent experiments; ***,
P < 0.001; n.s., not significant). (C) Confocal microscopy images of Hela or NUCB1-KO cells expressing LyzC-SBP-eGFP and counterstained against NUCB1 (red)
after 0, 20, 40, and 60 min of biotin incubation. Arrowheads, cytoplasmic vesicles. Scale bars, 5 um. (D) Cytoplasmic vesicle counts from C of two independent
experiments (n > 42 cells, median + IQR). (E) Secretion assay of Hela or NUCB1-KO cells expressing SS-MMP2-SBP-eGFP or LyzC-SBP-EGFP and incubated

with biotin for 45 or 60 min, respectively. WCL, whole-cell lysates. [SNs], 10x-concentrated supernatants. (F) Semiquantitative analysis from three
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independent experiments, one-sample t test. Bars, mean + SD. (G) GFP-colP of HeLa or NUCB1-KO cells expressing LyzC-eGFP, with or without NUCB1-WT.
GFP-HA, negative control; CN, HelLa control; KO, NUCB1-KO. (H) Semiquantitative analysis of NUCB1 to GFP signal from three independent experiments. Bars,
mean = SD; paired t test.

contrast, PC quantification of MMP2 with the cis-Golgi marker Finally, we analyzed the colocalization of MMP2 with the
GM130 (Fig. 3 C) revealed reduced colocalization in NUCBI-KO  trans-Golgi marker TGN46 (Fig. 3 E). PC of MMP2 with
cells at 10, 15, and 20 min after biotin addition (Fig. 3 D). After 25 TGN46 showed significant differences in NUCB1-KO cells
and 30 min, MMP2-GM130 colocalization recovered to similar only at 20 and 25 min of biotin incubation but not at later
control cell levels, indicating that MMP2 transport is delayed in  time points (Fig. 3 F). Therefore, MMP2 IG trafficking ap-
the absence of NUCBI at the early stages of the cis-Golgi (Fig. 3D).  pears to be affected from cis- to trans-Golgi in the absence of
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Figure 3. MMP2 trafficking delay occurs at the cis-Golgi. (A) Fluorescence images of HelLa or NUCBI-KO cells transiently expressing SS-MMP2-SBP-eGFP,
fixed at 2.5, 5, and 7.5 min after biotin addition, and counterstained against ERGIC53 (red). Scale bars, 5 um. (B) Average PC per time point. (C) Colocalization of
HeLa or NUCB1-KO cells expressing SS-MMP2-SBP-eGFP with GM130 (red) after 10, 15, 20, and 25 min of biotin incubation. Scale bars, 5 pm. (D) Average PC
illustrates decreased colocalization at 10, 15, and 20 min after biotin addition. (E) Colocalization of SS-MMP2-SBP-eGFP with TGN46 (red) expressed in Hela or
NUCB1-KO cells at 20, 25, 30, 35, and 40 min after biotin addition. Scale bars, 5 um. (F) Average PC shows that MMP2 is equally colocalizing with TGN46 in
Hela and NUCB1-KO cells upon arrival at the TGN. Error bars represent SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant.
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NUCBI, but not protein sorting into vesicles upon arrival at
the TGN.

To further substantiate the trafficking defect observed in
NUCBI-KO cells, we performed live-cell wide-field microscopy
experiments in cells expressing SS-MMP2-SBP-eGFP after bio-
tin addition (Fig. 4 A). To obtain a better temporal resolution of
MMP2 trafficking and sorting into vesicles, we quantified
MMP?2 vesicles at 1-min time intervals (Fig. 4 B). Within the first
32 min of MMP2 transport after cargo release from the ER, no
significant differences were observed in the number of MMP2-
containing vesicles between HeLa and NUCBI1-KO cells. Inter-
estingly, between 33 and 43 min, MMP2 vesicle numbers were
significantly lower in NUCBI1-KO cells (Fig. 4 B), supporting our
previous findings (Fig. 2, A and B) and indicating that NUCBL is
indeed required for proper MMP2 IG trafficking.

Furthermore, to confirm that the observed delay in NUCBI-
KO cells is not due to a defect in ER-to-Golgi transport, we
evaluated the arrival of MMP2 to the Golgi over time. Using live-
cell time-lapse videos, we evaluated Golgi compaction as a
measure of MMP2 kinetics by calculating the Golgi area in each
1-min time frame normalized to the ER area at time O,
i.e., without biotin addition (Fig. 4 C). Within the first 18 min of
MMP2 transport, no significant differences between control and
NUCBI-KO cells were observed (Fig. 4 D). Between 19 and
26 min, NUCBI-KO cells showed a significant delay in MMP2
trafficking that peaked at 21 min. After this period, MMP2
transport in NUCB1-KO cells was similar to control (Fig. 4 D).
These data corroborate our previous results (Fig. 3, A-F) and
show that MMP2-eGFP requires more time traveling through
the Golgi, suggesting that NUCBI is specifically required for
MMP2 trafficking from the cis-Golgi compartment.

To rule out the “premature” export of SS-MMP2-SBP-eGFP
from the ER, we analyzed its localization before biotin addition
in control and NUCBI-KO cells in relation to the ER exit site
marker Secl6. Confocal microscopy images showed only partial
colocalization between MMP2 and Secl6, and quantification of the
colocalization of these proteins showed no significant difference
between HeLa control and NUCB1-KO cells, indicating that MMP2
export is similar in both cell lines at ER exit sites (Fig. 4, E and F).

Ca?* binding by NUCB1 is essential for IG trafficking of MMP2
Proteins in the EFh family of Ca?*-binding proteins differ in the
number of their EFh motifs. For example, Calumenin and Cab45
have 6 EFhs, CaM has 4, and NUCBI has a single pair (Fig. 5 A;
Leung et al., 2019; Honoré and Vorum, 2000; Honoré, 2009).
The NUCBI EFhs show high similarity to EFh 3 of Calumenin,
EFhs 3 and 4 of Cab45, and EFhs 1 and 2 of CaM (Lin et al., 1999).
As a characteristic feature, a highly conserved glutamic acid
residue (E) flanks both EFhs (Miura et al., 1994; Gonzalez et al.,
2012). Together with aspartic acid (D), these residues are part of
what Lin et al. (1999) described as an ideal EF-hand motif, in
which the interaction between the oxide groups of D or E, plus
carbonyl groups of the peptide chain and water, constitute the
Ca?*-binding site. Besides that, previous reports have shown
that the EFhs of a recombinant cytosolic version of NUCBI are
essential for its interaction with the a-subunit of G-protein-coupled
receptors (Kapoor et al., 2010).

Pacheco-Fernandez et al.
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To investigate the significance of these EFhs for MMP2
binding, we generated a Ca?*-binding deficient mutant of NUCB1
(NUCBI-mEFhi+2) by substituting E264 in EFhl and E316 in
EFh2 (Fig. 5 B, dark blue) with a glutamine (Q; Fig. 5 B, pink).
Then, we evaluated the relevance of Ca®* in the interaction of
NUCB1 to MMP2 using GFP IPs of NUCBI1-KO cells expressing
SS-Flag-MMP2-HA-eGFP (MMP2-eGFP) and reconstituted with
NUCBI1-WT or NUCBI-mEFh1+2. WB analysis revealed a signif-
icant reduction in the interaction between NUCB1 and MMP2
when both EFhs were mutated, indicating that Ca?*-binding is
crucial for the interaction of NUCB1 with MMP2 (Fig. 5, C and D).

Next, SS-MMP2-SBP-eGFP was expressed in control, NUCB1-
KO, and NUCBI1-KO cells reconstituted with either NUCBI-WT or
NUCBL-mEFh1+2 (Fig. 5 E), to evaluate if Ca®* binding impacts
MMP2 trafficking. The number of MMP2-eGFP-positive vesicles
in NUCBI-KO and NUCBI-EFh1+2-expressing cells was significantly
reduced compared with control cells and NUCB1-WT-reexpressing
cells (Fig. 5 F), confirming the essential role of Ca?* binding in the
trafficking of MMP2.

To assess the role of NUCBI in Golgi Ca?* homeostasis, Ca?*
influx into the Golgi was monitored using a previously estab-
lished workflow (Lissandron et al., 2010; von Blume et al., 2011;
Kienzle et al., 2014; Deng et al., 2018). To this end, we generated
a novel low-affinity Forster resonance energy transfer (FRET)-
based Ca?* sensor called GPP130-Twitch5, which localized to the
cis-Golgi membrane and allowed the measurement of local Ca**
uptake.

Ca%* uptake was measured by depleting luminal Ca®* in
control or NUCBI-KO cells expressing GPP130-Twitch5 with
ionomycin. Next, Ca?* was added, and FRET signals were cap-
tured (Fig. 6 A). Cis-Golgi [Ca?*] fluorescence signals were
normalized to AR/R, (see Materials and methods; Deng et al.,
2018). After adding 2.2 mM CaCl, to the culture medium, fluo-
rescent microscopy images showed a stronger increase in cis-
Golgi Ca?* levels in control compared with NUCBI-KO cells
(Fig. 6 A). Quantification of Ca?* influx showed a 30.0 + 8.8%
increase in FRET signal in control cells compared with 16.3 +
10.3% in NUCBI-KO cells (Fig. 6 B). Reexpression of NUCBI-WT
restored FRET increase to control levels after Ca?* addition,
whereas expression of NUCB1-EF1+2 did not (Fig. 6 B). Impor-
tantly, defects in Ca?* homeostasis were exclusively observed at
the cis-Golgi, as the analysis of cells expressing the TGN-
localized FRET Ca?* sensor Go-D1-cpv (Lissandron et al., 2010)
showed no significant differences in Ca** influx into the TGN in
NUCBI-KO cells (Fig. 6, C and D). These results demonstrate that
NUCBI depletion or NUCBI EFh point mutations disrupt Ca?*
homeostasis specifically in the cis-Golgi but not the TGN.

NUCB1 modulates invasive cell migration and ECM degradation

Given the relevance of MMP2 in ECM remodeling, we hypoth-
esized that silencing of NUCBI would have a direct effect on ECM
degradation and MMP-dependent invasive migration. To fur-
ther investigate the role of NUCBI, we transfected invasive
human breast adenocarcinoma MDA-MB-231 cells stably ex-
pressing MT1-MMP (Sakurai-Yageta et al., 2008) with two dif-
ferent siRNAs for NUCBI (Fig. 7, A and B) or MMP2 (Fig. 7 C).
The secretion of endogenous MMP2 was evaluated in control or
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Figure 4. MMP2 trafficking is exclusively delayed at the Golgi in living cells. (A) HeLa or NUCB1-KO cells expressing SS-SBP-MMP2-eGFP were analyzed
by live-cell wide-field microscopy. Representative images of MMP2 trafficking after 0, 30, 35, and 40 min of biotin incubation. Images were acquired in 1-min
frames for each analyzed cell. Arrowheads, cytoplasmic MMP2 vesicles. Scale bars, 10 um. (B) Quantification of cytoplasmic MMP2 vesicles per frame from
cells shown in A. n.s., nonsignificant. *, P < 0.05; **, P < 0.01. (C) Schematic representation of ER-Golgi cargo transport analysis, measured as normalized Golgi
area over time in cells shown in A. (D) Normalized Golgi area for each time point (median + IQR). A reduced Golgi compaction was observed in the time range
15-23 min in NUCB1-KO cells compared with Hela control. *, P < 0.05. (E and F) Hela or NUCB1-KO cells (n = 11) expressing SS-SBP-MMP2-eGFP fixed
without biotin addition and immunostained for ER exit site marker Sec16 (red). Scale bar, 10 um; zoom, 2 um. Retained MMP2 in the ER partially colocalized
with Secl6 in both control and NUCB1-KO cells to the same extent (F). Magenta arrowheads, MMP2 structures that colocalized with ER exit sites; white
arrowheads, ER exit sites. t test: P < 0.05.

NUCB1 MDA-MB-231-silenced cells. Upon collection of cell cul-
ture media and whole-cell lysate, WB analysis revealed reduced
MMP2 secretion in NUCBI-silenced cells compared with control
(Fig. 7, D and E), validating our findings with overexpressed
MMP2-eGFP in Hela cells (Fig. 2, E and F).

To assess the invasive phenotype of NUCBI silencing in these
cells, we performed Transwell invasion and gelatin degradation

Pacheco-Fernandez et al.
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assays. Compared with control cells, gelatin degradation in both
NUCBI- and MMP2-silenced cells was significantly reduced;
however, only NUCBL1 depletion also had a significant impact on
cell invasion (Fig. 7, F-1). These results illustrate the critical role
played by NUCBL in the trafficking of MMPs.

We next investigated whether the silencing of NUCBI in
human blood-derived primary macrophages (Fig. 8 A) would
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Figure 5. NUCB1 EFhs are essential for Golgi trafficking of MMP2. (A) Protein alignment of human NUCB1 (Q02818, aa 241-400), CaM (PODP23), Cal-
umenin (043852), and Cab45 (Q9BRKS). Pink boxes, NUCB1 EFhs. (B) NUCB1 adapted PDB protein model (accession no. 1SNL); NUCB1 EFhs, cyan; NUCBI-WT,
EFhs with first and last amino acid of the domain in dark blue; NUCB1-mEFh1+2, amino acid substitutions E264Q and E316Q in pink. (C) ColP of MMP2-eGFP
transiently expressed in NUCB1-KO cells transfected with NUCB1-WT or NUCB1-mEFh1+2. n = 4 biological replicates. (D) Semiquantitative analysis of NUCB1
signal per sample normalized to the one of NUCBI-KO cells reexpressing NUCB1-WT. Bars, mean + SD; one-sample t test. (E) Confocal fluorescence images of
Hela or NUCB1-KO cells expressing SS-MMP2-SBP-eGFP and cotransfected with or without NUCB1-WT or NUCB1-mEFh1+2. After 15, 30, and 45 min of biotin
incubation, cells were fixed and costained with NUCB1 antibody (red). Scale bars, 5 um. Arrowheads, cytoplasmic vesicles. (F) Quantification of cytoplasmic
vesicles as in E from two independent experiments (median + IQR), n > 19 cells. *, P < 0.05; **, P < 0.03; ***, P < 0.001; ****, P < 0.0001.
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Figure 6. NUCB1 EFhs are essential for Ca2* homeostasis at the cis-Golgi. (A) Fluorescent images of HeLa or NUCB1-KO cells expressing the GPP130-
Twitchs cis-Golgi Ca?* sensor. Cells were treated with ionomycin for 20 s to deplete endogenous Ca?* in the Golgi lumen; 2.2 mM Ca?* were added, and cells
were monitored using life-cell ratiometric FRET microscopy. (B) Quantification of the cis-Golgi AR/R, FRET ratio from A. (C) Pictures illustrate the same

experiment described in A but using the Go-D1-cpv trans-Golgi Ca?* sensor.

(D) Quantification of the trans-Golgi AR/Ro FRET ratio from C. Quantification

of 220 cells (median + IQR) from at least two independent experiments. n.s., not significant; ***, P < 0.001.

also display a similar phenotype. To this end, human pri-
mary macrophages were seeded onto Rhodamine-labeled
gelatin, incubated for 6 h, and evaluated by confocal mi-
croscopy. The degree of gelatin degradation was estimated
as the Rhodamine intensity under each cell normalized by
the intensity of the surrounding area and compared with
the silenced control cells (siControl -LUC-). Interestingly,
we observed a significant reduction in the number of de-
graded spots of both NUCBl- and MMP2-silenced cells
compared with the control (Fig. 8, B and C), but no signif-
icant difference was observed between MMP2 and NUCB1
knockdowns.

Taken together, these results illustrate the striking effect of
NUCBI in MMP2 trafficking of human invasive cell models, both
in human primary macrophages and under pathological con-
ditions (as observed with MDA-MB-231 cells), and highlight the

Pacheco-Fernandez et al.
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importance of NUCBI in the IG trafficking of MMPs and its
impact on ECM remodeling.

Discussion

MMPs are the central drivers for ECM turnover and invasive cell
migration (Cauwe and Opdenakker, 2010; Shimoda and Khokha,
2017; Cui et al., 2017; Hannocks et al., 2019; Jobin et al., 2017). To
date, known regulators of intracellular MMP transport include
cytosolic factors such as microtubules that, in collaboration with
motor proteins such as kinesins, steer TGN-derived vesicles
toward the cell surface (Poincloux et al., 2009; Shai et al., 2010;
Wiesner et al., 2010; Cornfine et al., 2011; Gueye et al., 2011; Jacob
et al,, 2013). In addition, cytosolic Rab GTPases play an essential
role in MMP trafficking and recycling (Bravo-Cordero et al.,
2007; Jacob et al., 2013; Wiesner et al., 2013). Our colocalization
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Figure 7. NUCB1 depletion impairs ECM invasion and degradation in MDA-MB-231 cells. (A) Expression levels of NUCB1 after siRNA-mediated silencing
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(E) Semiquantitative analysis of three independent experiments. Bars, mean + SD. Significance, one-sample t test. (F and G) Representative pictures of
Matrigel-coated Transwell invasion (F) or gelatin degradation (G) experiments. Scale bars, 150 um. (H and 1) Quantification of the number of migrating cells (H)
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experiments using different Rab proteins and MMP2-eGFP (Fig.
S2) showed no colocalization with classic markers for TGN-
derived vesicles such as Rab8 and Rabé. Also, we did not ob-
serve colocalization between MMP2-eGFP vesicles and early
endosomes (Rab5), late endosomes (Rab7), recycling endosomes
(Rab11), or lysosomes (mCherry-lysosomes), although a partial
overlap was observed with LyzC in TGN-derived vesicles, sug-
gesting a possible shared carrier for MMP2 and LyzC transport
from the TGN to the plasma membrane.

Molecular mechanisms of anterograde cargo transport
through the Golgi remain a major question in the field of
membrane trafficking (Malhotra et al., 1989; Glick and Malhotra,
1998; Glick and Luini, 2011; Beznoussenko et al., 2014; Mironov
and Beznoussenko, 2019). In this context, there is still a big de-
bate in the field about how anterograde cargo, such as MMPs that
arrive in the cis-Golgi, are segregated from retrograde cargo
trafficking to the ER (Glick and Nakano, 2009; Mironov and
Beznoussenko, 2019; Kurokawa et al., 2019).

Pacheco-Fernandez et al.
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To gain insight into this process, we combined a RUSH
trafficking assay with MS to identify IG MMP2 interactors. This
approach revealed NUCBI as an interactor of MMP2, and this
interaction seems to be direct, as we can detect the complex
in solution by AUC (Fig. S3, D and E). Furthermore, the number
of MMP2 and MTI-MMP secretory vesicles was significantly
reduced in NUCBI1-KO cells after 30 and 60 min of release, re-
spectively, demonstrating that NUCB1 modulates their transport
in living cells.

At which step of the secretory pathway, then, is MMP2
trafficking impaired? Colocalization experiments using ER-
GIC53, GM130, and TGN46, as well as live-cell microscopy ex-
periments, showed a delay in the cis-Golgi, where NUCBI
localizes. In contrast, ER export and TGN-to-cell surface tar-
geting of MMP2 seem to be intact.

It remains unclear, though, why a delay rather than a com-
plete block of trafficking occurs at the cis-Golgi. We speculate
that there are compensatory mechanisms present in the Golgi:
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for instance, several EFh Ca?*-binding proteins in the Golgi may
have similar functions (Honoré, 2009). For example, calumenin
is broadly distributed throughout the secretory pathway, but its
function is not well understood (Vorum et al., 1999). Neverthe-
less, it has been demonstrated that it interacts with ECM pro-
teins in the Golgi, such as thrombospondins (Hansen et al.,
2009), and could play a role in their transport through the se-
cretory pathway. Moreover, EFh proteins, such as calumenin
and Cab45, travel through the cis-Golgi compartment and might
partially compensate for the loss of NUCBL. In this scenario, a
full compensation would not be possible because these proteins
are not concentrated in the cis-Golgi.

Luminal Ca?* in the Golgi evolves as an overall regulator of
protein transport

Previous work has shown that Ca%* channels and Ca?* pumps, as
well as Ca%*-binding proteins, generate and maintain a con-
centration gradient inside the Golgi stack, with cis-Golgi con-
taining the highest Ca** concentration (Missiaen et al., 2004;
Vanoevelen et al., 2004, 2005; Lissandron et al., 2010; Pizzo
et al., 2010; Aulestia et al., 2015). NUCBI localizes to the cis-
Golgi and has been proposed to regulate Ca?* homeostasis in
the lumen of this compartment (Lin et al., 1998, 1999; de Alba
and Tjandra, 2004; Kanuru et al, 2009). Interestingly, we
observed that NUCB1 absence affects Ca>* homeostasis of the cis-
but not trans-Golgi compartment, suggesting that these com-
partments are separate entities with individual regulation of
their luminal Ca?* content. Because NUCB1-KO induces a loss in
luminal cis-Golgi Ca?*, it might be also a regulator of SERCA
pumps, as suggested by Lin et al. (1999).

What, then, is the role of luminal Ca?* in the regulation of
NUCBI function? We evaluated the effect of Ca®* in NUCBI sec-
ondary structure via circular dichroism (CD) measurements. Using
rNUCBI-His (Fig. S3 A) or recombinant NUCBI with mutated EFhs
(rNUCB1-mEFh1+2; Fig. S3, F and G), we observed a decreased
molar ellipticity for rNUCB1-mEF1+2 compared with rNUCBI-His
(Fig. S3 H). These findings confirm that the NUCBI EFh motifs have
an open conformation under physiological conditions and fold
upon Ca?* addition, as described by de Alba and Tjandra (2004).

Interestingly, NUCB1 and Cab45 share similar features, such
as the luminal exposure of their Ca>* binding EFhs (Scherer
et al.,, 1996; von Blume et al., 2012). Moreover, CD measure-
ments of EFh pair domain mutants of His-SUMO-Cab45 showed
a similar spectrum to the one observed in rNUCBI-mEFh1+2
(Crevenna et al., 2016; Deng et al., 2016). Furthermore, previ-
ous studies have shown that a local increase in Ca%* provided by
SPCAL at specific TGN subdomains induces Cab45 oligomeriza-
tion and sorting of soluble cargo molecules before their packing
into sphingolipid-rich transport vesicles (Deng et al., 2018;
Crevenna et al., 2016; von Blume et al., 2012). Finally, coIP ex-
periments using NUCB1-mEFh1+2 clearly show that the inter-
action with MMP2 requires Ca2* to promote its anterograde
transport through the Golgi and final delivery at the cell surface.
Taken together, these data propose that Ca?* impacts several
steps in IG transport and suggest that Ca?* controls trafficking at
sequential steps of cargo transport across a Golgi stack: NUCBI at
cis-Golgi and Cab45 at the TGN.

Pacheco-Fernandez et al.
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Physiological role of NUCB1-MMP interaction

It is well known that both podosomes and invadopodia are cy-
toskeleton structures with a high proteolytic activity, which is
needed for the proper invasion of interstitial tissue (Murphy and
Courtneidge, 2011; Linder and Wiesner, 2016). In this regard,
several studies have reported that MT1-MMP is a potential
regulator of tumor invasion directly at the invadopodia medi-
ating MMP secretion, activation, cell adhesion, and angiogenesis
(Frittoli et al., 2011; Monteiro et al., 2013; Kajiho et al., 2016). In
addition, MT1-MMP is the main source of MMP2 activation at
the plasma membrane (Shaverdashvili et al., 2014; Han et al.,
2015), both in steady state (Itoh, 2015; Sbai et al., 2008) and
under pathological conditions (Jacob et al., 2013, 2016), implying
that an impairment or delay in its delivery can strongly inhibit
cell invasion and ECM degradation.

In line with these data, we were able to show that NUCBI is
required for efficient trafficking of MTI-MMP through the
Golgi, strongly supporting the role of NUCBL as a critical com-
ponent of MMP trafficking in the secretory pathway. Although
the phenotype observed in matrix degradation of MMP2 in
MDA-MB-231 siRNA-treated cells was expected, as gelatin is the
principal substrate for MMP2 proteolysis, the impact on inva-
sion in NUCBI-silenced cells is noticeable and hints toward a
global modulation of MMP trafficking by NUCBI, which does not
seem to be limited to the regulation of MMP2.

Based on the obtained data, we hypothesize that cis-
Golgi-localized NUCB1 binds and concentrates incoming
MMP2, and probably other MMPs such as MT1-MMP, at specific
cis-Golgi “exit sites” at the rim of cisternae, where the vesicle
transport machinery is known to accumulate (Farquhar, 1985;
Orci et al., 1986; Lavieu et al., 2013; Dancourt et al., 2016; Dunlop
et al,, 2017; Ernst et al., 2018). EM studies have shown that cargo
accumulates at these rims compared with the flatter center of the
cisternae (Orci et al., 1986; Lavieu et al., 2013). Moreover, a re-
cent paper by Ernst et al. (2018) uncovered a cargo sorting
mechanism regulated by S-palmitoylation in the cis-Golgi that
supports these findings. In this model, palmitoylation acts as a
biophysical switch to sort cargoes to the cisternal rim of the
Golgi, promoting their further transport (Ernst et al., 2018).

Furthermore, Lin et al. (1998) showed that, in contrast to
Cab45, NUCBL is bound to the luminal surface of Golgi mem-
branes by an unknown mechanism. Based on these findings, we
speculate that NUCBI might interact with an unknown trans-
membrane protein anchored in the cis-Golgi membrane via
palmitoylation. In this context, it is interesting to note that MTI-
MMP is palmitoylated at Cys574 in its cytosolic domain
(Anilkumar et al., 2005). Altogether, this evidence suggests that
NUCBI could be enriched at palmitoylated cis-Golgi rims, which
allow MMP molecules to concentrate in a Ca%*-dependent
manner to facilitate vesicle or tubule budding from the cisternal
rim by local membrane bending.

Another possibility is that NUCBI associates to the membrane
in a Ca?*-dependent manner or via conformational changes after
cargo binding. In this regard, our CD measurements showed that
NUCBI acquires a compact conformation upon Ca?* addition,
and this change may expose residues that have a higher affinity
for negative charges, stimulating NUCB1 association with
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cis-Golgi membranes. We speculate that this association could sto-
chastically accumulate MMP cargo and facilitate MMP trafficking
to the next compartment in a protein maturation-dependent
manner. This hypothesis would be in line with previously pub-
lished in vitro data that postulate NUCBI as a chaperone-like
protein (Bonito-Oliva et al., 2017; Kanuru and Aradhyam, 2017).

Whether NUCBL acts as a “switch protein” or exerts a
chaperone-like activity on MMP?2 at the cis-Golgi remains to be
elucidated in future studies. The role of NUCB1 on the proper
maturation of MMPs should be addressed to elucidate a more
comprehensive mechanism of MMP trafficking. Further inves-
tigation is required to determine which other components might
influence MMP sorting, as well as how impaired Ca?* homeo-
stasis by NUCBL1 depletion delays cargo trafficking.

In conclusion, we report for the first time the involvement of
NUCBI and Ca?* in MMP2 IG trafficking. This process promotes
MMP2 anterograde transport along the secretory pathway and is
essential for efficient ECM remodeling in both breast cancer cell
lines and primary human macrophages. Our findings encourage
the exploration of regulators of MMP trafficking as alternative
targets to therapeutically modulate cell invasion.

Materials and methods

Cell culture

HelLa cells were obtained from Cell Line Service, and HEK293T cells
from the American Type Culture Collection (ATCC; CRL-3216).
Regular evaluation for mycoplasma contamination was per-
formed to guarantee mycoplasma-free cell culture (LookOUT,
MPO0035; Sigma-Aldrich). These cell lines were cultured in
DMEM supplemented with 10% FCS and 1% penicillin/strep-
tomyecin at 37°C and 5% CO,. To generate the CRISPR/Cas9 KO
cell lines, viral infection was performed using a method de-
scribed by Crevenna et al. (2016).

For recombinant protein production, stable cell lines were
generated using the piggyback system in HEK293T cells. rHS-
MMP2, rNUCBI-His, and rNUCB1-mEFh1+2 pB-T-PAF constructs
were transfected together with pBase and pB-RN constructs
using linear polyethyleneimine (PEL Alfa Aesar Chemicals) and
1.5 pg of DNA. After overnight incubation, the medium was re-
placed, and cells were allowed to recover for 24 h. The cells were
selected with puromycin (1 pg/ml) and G418 (0.5 pg/ml) for at
least 24 h. The medium was replaced, and cells were allowed to
recover and expand. Confirmation of the stable cell line was
performed via WB analysis.

MDA-MB-231 cells stably expressing mCherry-MT1-MMP
(kindly provided by Philippe Chavrier, Institute Curie, Paris,
France) were cultured in Leibovitz L-15 medium (Thermo Fisher
Scientific) supplemented with 15% FCS and 50 ng/ml G418
(Calbiochem) in a humidified atmosphere with 1% CO, at 37°C.
All cell lines tested negative for mycoplasma (LT07-318, Myco-
plasma Detection Kit; Lonza) and were maintained in culture
for <3 mo.

Isolation and culture of primary human macrophages
Human peripheral blood monocytes were isolated from buffy
coats as described previously (Wiesner et al., 2013). The analysis
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of anonymized blood donations was approved by the Ethical
Committee of the Arztekammer Hamburg (Hamburg, Ger-
many). Cells were cultured in RPMI 1640 (containing 100 units/
ml penicillin, 100 pg/ml streptomycin, 2 mM glutamine, and
20% autologous serum) at 37°C, 5% CO,, and 90% humidity.
Monocytes were differentiated in culture for =7 d with the ad-
dition of 20% human autologous serum.

Antibodies

MMP-2 and Rabll antibodies were purchased from Abcam
(rabbit ab92536 and rabbit ab3612, respectively). NUCBI,
B-actin, and monoclonal anti-FLAG M2 peroxidase antibodies
were obtained from Sigma-Aldrich (rabbit HPA008176 and
mouse A5441 and A8592, respectively); ERGIC53 was acquired
from ENZO Life Sciences (mouse ENZ-ABS300); GM130 anti-
body and B-integrin were purchased from BD Bioscience (mouse
610822 and mouse 610467, respectively); Rab5, Rab7, and
streptavidin-HRP antibodies were from Cell Signaling (rabbit
C8Bl, D95F2, and 39998, respectively); and TGN46 antibody was
obtained from AbD Serotec (sheep AHP500G). MMP-14 antibody
was purchased from Millipore (mouse MAB3328), and GFP an-
tibody (rabbit sc8334) and HRP-coupled secondary antibodies
(anti-rabbit IgG, anti-mouse IgG, and anti-sheep IgG) were
purchased from Santa Cruz Biotechnology. Secl6A antibody
(KIAA0310 polyclonal rabbit) was purchased from Biomol (now
Thermo Fisher Scientific, A300-648A-M). Anti-rabbit HRP an-
tibody used with primary macrophages was purchased from Cell
Signaling (7074). The Alexa Fluor secondary antibodies used for
immunofluorescence (488, 594, 633, and phalloidin-Alexa Fluor 488,
different species) were purchased from Thermo Fisher Scientific.

Other reagents

All cell culture reagents (DMEM medium + glucose, FCS, and
penicillin/streptomycin) were obtained from Gibco-Thermo
Fisher Scientific. The SDS gels used for MS were purchased
from Invitrogen (NP0321BOX, NuPAGE 4-12% Bis-Tris Protein
Gels, 1.0 mm, 10-well). All restriction enzymes were purchased
from New England Biolabs. cOmplete Tablets, Mini EDTA-free,
EASYpack protease inhibitor tablets (from here on, cOmplete
tablets) were purchased from Roche Diagnostics.

Plasmids

The human MMP2 gene was amplified from a pCMV3-SP-Flag-
MMP2 vector (Sino Biological) using 5'-CCCAAGCTTATGCCA
CTGCTGCTCTTGCT-3' as a forward (Fw) primer and 5'-TTTTCC
TTTTGCGGCCGCTCAAGCGTAATCTGGAACATCGTATGGGTA
GCAGCCTAGCCAGTCGGATTT-3' as a reverse (Rv) primer. For
the RUSH experiments, the gene was engineered by substitution
of ST in a Str-KDEL-ST-SBP-EGFP vector (Addgene_65264),
using the following pairs of primers: (a) Fw: 5'-TTGGCGCGCCAT
GGCTACAGGCTCCCGGAC-3’, Rv: 5'-CTTATCGTCGTCATCCTT
GTAATCGGATAAGGGAATGGTTGGGAAGGC-3'; and (b) Fw: 5'-
GCCTTCCCAACCATTCCCTTATCCGATTACAAGGATGACGAC
GATAAG-3’, Rv: 5'-CCGGAATTCCCCAGCGTAATCTGGAACATC
GTATG-3'. The fragment was inserted after the sequence of the
signal peptide of human growth hormone, and all plasmids
containing this as signal sequence are named SS-(construct).
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For the CRISPR-KO of NUCBL, we used a pSpCas9(BB)-T2A-
Puro (PX459) backbone vector (Addgene_48139) containing the
following guide RNA: 5’-CACCGGCTCCTGCTTCGCGCCGTGC-3’,
which was designed using the Optimized CRISPR design tool
from Zhang Lab (https://zlab.bio/guide-design-resources, ac-
cessed on August 7, 2017).

The SS-Flag-MMP2-HA-eGFP construct was cloned using
Gibson assembly with two fragment insertion and the following
primers: Fwl: 5'-GGGCCCATAAAGCTTATACGAATTCCATGGCT
ACAGGCTCCCGGAC-3', Rvl: 5'-TCCTCGCCTTTGCTCACCATA
GCGTAATCTGGAACATCGTATGGGTA-3’; and Fw2: 5'-TACCCA
TACGATGTTCCAGATTACGCTATGGTGAGCAAAGGCGAGGA-3/,
Rv2: 5'-GCGGCCGCTTGTCGACACTCGAGTTAAGGCCGGCCCTT
GTACAG-3'. For this cloning, the restriction enzymes EcoRI and
Xhol were used. The SS-LyzC-SBP-eGFP construct was previ-
ously reported by Deng et al. (2018).

For the rescue experiments, we performed Gibson assembly
to insert the NUCBI gene myc tagged from a pCMV3 vector from
OriGene (RG201786) in a pLPCX vector using HindIII-HF and
BamHI. The Fw primer was 5 -GATCTGGGCCCATAAAGCTTC
CATGCCTCCCTCTGGGC-3', and the Rv primer was 5'-CGACAC
TCGAGTATGGATCCTCACAAGTCTTCTTCAGAGATGAGTTTC
TGCTCCAGATGCTGGGGCACCTCAAC-3'. To generate the EFh-
binding mutants of NUCBI, we substituted E264Q and E316Q via
Gibson assembly using two complementary fragments amplified
with the primers Fwl: 5-CGGACTCAGATCTGGGCCCATAAA
GCTTCCATGCCTCCCTCTGG-3"; Fw2: 5'-GGATGAGCAGCAGCT
GGAGGCAC-3'; Rvl: 5'-GTGCCTCCAGCTGCTGCTCATCC-3'; and
Rv2: 5'-CCCCTTTTTCTGGAGACTAAATAAAATCTTTTATTTITA
TCGATGTATATGCTCACAAGTCTTCTTCAGAGATGAGTTTCTG
CTCC-3'. The nontagged version of NUCBI-WT was inserted in
the pLPCX backbone by restriction cloning of the pCMV3 vector
from OriGene (see above) using EcoRI and Notl. The GFP-HA
plasmid used as a control contained the acGFP sequence
C-terminally tagged with HA in a pLPCX vector.

For the expression of a HIS-SUMO-tagged version of MMP2
in HEK293T cells, cDNA was amplified from the pLPCX-SS-Flag-
MMP2-HA-eGFP plasmid using the primer pair 5'-GGCGGCCAT
CACAAGTTTGTACAGCTAGCATGGCTACAGGCTCCCGGAC-3’
(Fw) and 5'-GGCGGCCATCACAAGTTTGTACAGCTAGCATGG
CTACAGGCTCCCGGAC-3' (Rv). A GST tag also was amplified
using the primer pair 5'-CAAATCCGACTGGCTAGGCTGCATGTC
CCCTATACTAGGTTATTG-3' and 5'-CCAGCACACTGGATCAGT
TATCTATGCGGCCGCTTAGATCCGATTTTGGAGGATGGTC-3'.
Together, the fragments were inserted into a pB-T-PAF Vector
(Core Facility, Max Planck Institute of Biochemistry) using
Gibson assembly to generate a plasmid coding for MMP2-GST
fusion protein, which was then used as a template to amplify the
MMP2 sequence with the plasmids 5-GAACAGATTGGAGGT
GAATGCGATTACAAGGATGACGACGATAAG-3' (Fw) and 5'-
GATCAGTTATCTATGCGGCCGCTCAGCAGCCTAGCCAGTCGG
ATTTG-3'. The His-SUMO sequence was amplified from a vector
published by Crevenna et al. (2016), and both fragments re-
placed the Cab45 cassette in the mentioned plasmid using Gib-
son assembly.

For the expression of the His-tagged version of NUCBI-WT
(rNUCB1-His), cDNA sequence was amplified from the pLPCX-
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NUCBl-myc construct using the primer pair 5-GGCGGCCAT
CACAAGTTTGTACAGCTAGCCATGCCTCCCTCTGGGC-3'  (Fw)
and 5’-GCGGCCGCTTGTCAGTGATGATGATGGTGATGACCGCCT
CCACCCAGATGCTGGGGCACCTCAAC-3' (Rv) and inserted in
the pB-T-PAF backbone using Nhel and Notl restriction en-
zymes. For the expression of the His-tagged version of NUCBI-
EFhi+2 (rNUCB1-mEFhi+2), cDNA sequence was amplified from
the pLPCX-NUCBI-EFh1+2 construct using the primer pair 5'-
GGCGGCCATCACAAGTTTGTACAGCTAGCCATGCCTCCCTCT
GGG-3' (Fw) and 5'-GCGGCCGCTTGTCAGTGATGATGATGGTGA
TGACCGCCTCCACCCAGATGCTGGGGCACCTCAAC-3' (Rv). All
primers were purchased from Metabion International.

The Twitch 5 Ca?* sensor was kindly provided by Oliver
Griesbeck (Max Planck Institute of Neurobiology, Martinsried,
Germany; Thestrup et al., 2014). The plasmid carrying rat-GPP130
cis-Golgi targeting sequence pME-zeo-GPP130-pHluorin was
kindly provided by Yusuke Maeda (Research Institute for Micro-
bial Diseases, Osaka, Japan; Maeda and Kinoshita, 2010). The
Twitch 5 ORF was amplified using primers Twitch5-Mlul forward,
5'-CACACGCGTGTGAGCAAGGGCGAGGAG-3’, and reverse, 5'-
CACGCGGCCGCTCAATCCTCAATGTTGTGACGG-3', and inserted
into pME-zeo-GPP130-pHluorin using Mlul and NotI restriction
enzymes and replacing the pHluorin fragment.

The luminal part of human MTI-MMP (MMPl4, NP_
004986.1) was amplified via PCR using the primer pair 5'-AAG
TGGCGCGCCATGTCTCCCGCCCCAAGA-3' and 5-GCGCGAATT
CGCTCCGCCCTCCTCGTCCA-3’ from a plasmid containing MTI-
MMP-mCherry (kind gift of P. Chavrier, Institut Curie, Paris,
France). This fragment was then inserted into the RUSH plasmid
Str-KDEL_SS-SBP-EGFP (Boncompain et al., 2012) using Ascl
and EcoRI restriction enzymes. The fragment coding for the
transmembrane and cytoplasmic domains of MT1-MMP was
amplified by PCR using the primer pair 5'-AGATGGCCGGCCATT
AGGCGGGGCGGTGAGCG-3' and 5'-AATCGGCCCTCGAGGCCT
CAGACCTTGTCCAGCAGGG-3'. The PCR fragment was then in-
serted into the previously described plasmid using Fsel and Sfil
restriction enzymes. This cloning strategy generated a plasmid
coding for Str-KDEL_MT1-MMP-SBP-EGFP with SBP-EGFP
cassette located between the luminal and transmembrane do-
mains of MT1-MMP. The EGFP cassette was then replaced by
an mCherry coding sequence obtained from the RUSH plasmid
Str-KDEL_SBP-mCherry-GPI using BsrGI and Sbfl restriction
enzymes. The mCherry-Lysosome construct was a gift from
Florian Basserman (Technische Universitit, Miinchen, Germany).
Rab6-GFP and Rab8-GFP constructs were a gift from Vivek Mal-
hotra (Centre for Genomic Regulation, Barcelona, Spain).

Oligonucleotides

siRNAs were purchased from Life Technologies, with the fol-
lowing epitopes: 5'-UCAUGCAGUAUGAAGAAGGUCUUGG-3’ (siN
UCBLI-1), 5'-GAGCUGGAGAAAGUGUACGACCCAA-3' (siNUBL-2),
5'-AGUAGAUCCAGUAUUCAUUCCCUGC-3' (siMMP2-1), and 5'-
CCAGAUGUGGCCAACUACAACUUCU-3' (siMMP2-2).

siRNA treatment
MDA-MB-231 cells were transfected with a negative siRNA
control (4390843; Life Technologies) and with NUCBI or MMP2
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siRNA at a final concentration of 5 nM using RNAiMax (Life
Technologies) according to the manufacturer’s instructions.
siRNA targeting firefly luciferase mRNA (D-001210-02-20;
Dharmacon) was used as a negative control in primary human
macrophages, which were transfected with NUCBI or MMP2
siRNA at a final concentration of 100 nM. Knockdowns were
achieved 72 h after transfection using the Viromer Blue Kit ac-
cording to the manufacturer’s instructions. Reduction of tar-
geted proteins was validated by WB of respective cell lysates.

Quantitative RT-PCR experiments

Total RNA was isolated from cells using the NucleoSpin RNA kit
(Macherey-Nagel) according to the manufacturer’s instructions.
100 ng of RNA was used for the real-time PCR reaction using the
QuantiTect SYBR Green RT-PCR Kit (Qiagen). Quantitative RT-
PCR was performed with a Cfx96 device (Bio-Rad) using a Power
SYBR Green RNA-to-Ct 1-Step kit (Applied Biosystems). Quanti-
Tect Primer assays (Qiagen) were used to amplify MMP2
(Hs_MMP2_1_SG) and peptidylprolyl isomerase (Hs_PPIA_4_SG),
and changes in the relative expression levels were determined
using the 2-AACt method (Bio-Rad CFX Manager software 3.1).

1P

HEK293T or HeLa cells (3 x 10° cells/ml) were seeded in 15-cm
plastic dishes (two per sample). After overnight incubation, each
plate was transfected with 15 ug DNA using 1.25 mg/ml PEI as a
transfection reagent (DNA/PEI, 1:7.5) and incubated for 20 h.
Cells were then washed twice with PBS, scraped, and centri-
fuged for 3 min at 3,400 rpm. Supernatants were discarded, and
pellets were washed two more times. Then, 300 pl lysis IP buffer
(50 mM Tris, 150 mM NaCl, and 0.1% Triton X-100 + cOmplete
tablets) were added, and samples were incubated for 30 min on
ice. Samples were then filtered through a 27G needle and
centrifuged at >13,000 rpm, 4°C, for 5 min. Supernatants were
placed in a new Eppendorf tube and centrifuged once more for
220 min, >13,000 rpm, 4°C. Next, total protein was estimated
using Bradford assay and normalized to the lowest protein
concentration. A volume of 27 pl per sample was taken, mixed
with 9 pl of 4x Laemmli buffer and labeled as input sample (10%
input). Then, 35 pl of GFP beads, previously equilibrated with
the lysis buffer, were added to the samples and incubated in an
end-to-end rotator at 4°C for 1 h. Cells were centrifuged at 3,400
rpm, 4°C, for 3 min, supernatants were discarded, and samples
were washed with 1 ml lysis buffer (1x PBS + 1% Triton X-100).
This step was repeated twice, and after the last removal of su-
pernatant, 35 pl Laemmli buffer 4x was added to the samples,
and the mixtures were incubated at 95°C for 10 min. Finally, the
samples were centrifuged at maximal speed (room tempera-
ture), and supernatants were collected and labeled as IP sample
for loading in 10% SDS gel.

For the IP experiments using rNUCBI1-His, ~100 pl of the
recombinant protein was dialyzed overnight using the Pur-
A-Lyzer mini dialysis Kit (Sigma-Aldrich) in 500 ml of 50 mM
Tris + 100 mM NaCl. After dialysis, protein concentration was
determined via absorbance measurement at 280 nm using a
Nanodrop ND-1000 Spectrophotometer (PEQLAB Bio-
technologie). Proteins were normalized and incubated with
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previously washed Protino Ni-NTA agarose beads (Macherey-
Nagel) for 2 h on a rotator at 4°C. At the same time, Golgi preps
(prepared using a method described by von Blume et al. [2012])
were lysed using 50 pl of the described lysis IP buffer for 15 min
on ice and centrifuged at 13,200 rpm for 10 min to remove
membranes. After incubation, beads were washed 5x with lysis
IP buffer and centrifuged at 3,400 rpm, 4°C, for 3 min each time.
The lysed Golgi preps were added to the beads and incubated for
2 h with rotation at 4°C. After incubation, beads + Golgi preps
were centrifuged at 3,400 rpm, 4°C, for 3 min. The beads were
transferred to a new tube in the last step, 35 ul of Laemmli buffer
4x was added to the samples, and the mixtures were incubated at
95°C for 10 min. Finally, samples were centrifuged at maximal
speed (room temperature), and supernatants were collected and
labeled as IP sample for loading in a NuPAGE 4-12% Bis-Tris
protein gel. The IP blot depicted (Fig. 1 G) is a mirrored image.
Semiquantitative analyses of band intensities were performed
using Fiji (Image]). Statistical evaluations are described in each

figure legend.

SDS-PAGE and WB

SDS-PAGE was performed using 10% homemade acrylamide gels
or NuPAGE 4-12% gradient gels. For WB, samples were trans-
ferred to nitrocellulose membranes for 75 min and blocked in 5%
BSA in Tris-buffered saline (TBS) for at least 1 h at room tem-
perature. The membranes were incubated overnight with pri-
mary antibody in a shaker at 4°C, washed for 1 h with TBS + 0.1%
Tween-20 (TBS-T), and incubated with secondary antibody for
2 h at 4°C. Then, membranes were washed for half an hour with
TBS-T and documented in a ChemiDoc Imaging System (Bio-
Rad), an ImageQuant LAS 4000 series (GE Healthcare Life
Sciences), or an Amersham Imager 600 (GE Healthcare Life
Sciences).

MS analysis

MS samples were processed at the core facility of the Max
Planck Institute of Biochemistry. Samples from gel lanes were
digested with trypsin using in-gel digestion protocol, and pep-
tides were extracted and purified via C18 StageTips. Peptides
were analyzed in a Q Exactive HF machine with a data-
dependent acquisition scheme using higher-energy collisional
dissociation fragmentation. Raw data were processed using the
MaxQuant computational platform, and the peak lists were
searched against a human reference proteome database from
Uniprot. All identifications were filtered at 1% false discovery
rate and label-free quantitation. Proteomic data were analyzed
with the Perseus 1.5.5.3 software (Tyanova et al., 2016), and
results from a t test using Perseus were plotted as logarithmic
ratios against logarithmic P values. The final selection of positive
hits was done by filtering out potential contaminants, reverse
sequences, and hits identified only by site.

Immunofluorescence and confocal microscopy

HelLa cells (3 x 10* cells/ml) were seeded into six-well plates
with two glass slides per well. After incubation for 24 h, the cells
were transfected with PEI (2 pg DNA, 15 pl PEI, and 200 pl
OptiMEM) and incubated for no more than 24 h. Afterward, the
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cells were washed three times with 1x PBS, fixed with 4% PFA
for 10 min, and permeabilized with either 0.2% Triton X-100 and
0.5% SDS in PBS for 5 min or 0.05% saponin in 5% BSA in PBS
for 1 h at room temperature (if no costaining was involved, cells
were directly mounted after fixation). Subsequently, cells were
incubated with 5% BSA in PBS overnight at 4°C. Primary antibody
was added, and the mixture was incubated either overnight at 4°C
or for 1 h at room temperature. After washing, secondary antibody
was added and incubated for 1h at room temperature. Finally, cells
were mounted in glass slides using ProLong Gold antifade reagent
(Invitrogen) and evaluated using confocal microscopy.

Images were acquired at 22°C on a Zeiss laser scanning
LSM780 confocal microscope (Carl Zeiss) equipped with a 100x
(NA 1.46, oil) objective. To detect Alexa Fluor, the 488-nm laser line
was used. Pictures were acquired using Leica software (Zen 2010)
and processed, merged, and gamma adjusted in Image] (v1.37).

Cellular vesicle number analysis was conducted using a
custom-made Image] macro previously described (Deng et al.,
2018). The macro uses ImageJ’s rolling ball background sub-
traction algorithm, the “enhance contrast” function, and maxi-
mum z-projection of the RUSH reporter channel to cover all
vesicles of the cell volume in a 2D image. After using a median
filter, suitable cells were selected via polygon selection. A binary
image was generated using the “threshold” function. The
threshold algorithm “Yen” was used as default, whereas the
threshold required manual correction for low-intensity images.
The vesicle objects in the binary images were compared with the
original image and controlled via visual inspection. In the binary
image, vesicle objects with sizes 4-20 pixels were quantified
using the Analyze Particles function. All macros used for image
analysis are available at https://github.com/MehrshadPakdel.

RUSH cargo sorting assay

The RUSH cargo sorting assay was performed as previously
described (Deng et al., 2018). HeLa or NUCB1-KO cells were
cultured on sterile glass slides in 6-well dishes. Cells were
transfected using pIRESneo3-SS-Str-KDEL-Flag-MMP2-SBP-
HA-eGFP, pIRESneo3-SS-Str-KDEL-acGFP-HA, pIRESneo3-Str-
KDEL-LyzC-SBP-eGFP, pIRESneo3-SS-Str-KDEL-cathD-SBP-eGFP,
or pIRESneo3-Str-KDEL-MTIMMP-SBP-mCherry alone or to-
gether with NUCB1-WT, NUCB1-WT-myc, or its EFh mutants for
16 h. Cells were incubated with 40 M p-biotin (Supelco, 47868) in
DMEM supplemented with 10% FCS and 1% penicillin/strepto-
mycin for the indicated times. At time point O, cells were incu-
bated with complete medium without p-biotin to confirm reporter
retention. The cells were then washed twice in 1x PBS, fixed in 4%
PFA in PBS for 10 min, and further processed for immunofluores-
cence microscopy as described above. Samples were quantified
using confocal microscopy. Only cells that showed proper reporter
transport to the Golgi after biotin addition were processed, whereas
those showing ER signal after biotin addition were discarded. To
cover the whole volume of the cells, typically 8-16 z-stacks with a
step size of 0.39 um were acquired for each field of view.

RUSH live-cell trafficking assay
We seeded 30,000 HeLa or NUCB1-KO cells into live-cell dishes
(u-Dish 35 mm, High Glass Bottom from Ibidi) and transfected
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them the next day with the SS-SBP-MMP2-eGFP RUSH con-
struct for 24 h. Cells were washed in PBS and incubated in
DMEM, high glucose, Hepes, no phenol red (Gibco by Life
Technologies). Image acquisition was performed at the Imaging
Facility of the Max Planck Institute of Biochemistry on a GE
DeltaVision Elite system based on an Olympus IX-71 inverted
microscope, an Olympus 60x/1.42 PLAPON oil objective, and a
PCO sCMOS 5.5 camera at intervals of 1 min per frame. At t =
0 min of the video, DMEM + biotin was added to the cells to
reach a final concentration of 40 uM biotin. Images were ac-
quired using softWoRx 5.5 software (GE Healthcare).

Live-cell vesicle image analysis

Quantification of cytoplasmic vesicles per frame was conducted
using a custom-made Image] macro based on RUSH vesicle
analysis, as described previously (Deng et al., 2018). The macro
uses ImageJ’s rolling ball background subtraction algorithm
followed by a mean filter to smooth edges of the objects. A bi-
nary image was generated by the Auto Threshold function using
the “minimum” algorithm for frames 1-25 and the “moments”
algorithm for frames 26-45 to optimize image thresholding for
ER-like objects and then for Golgi and vesicular structures. The
vesicle objects in the binary images were compared with the
original images and controlled via visual inspection. Finally,
vesicle objects with sizes ranging between 4 and 40 pixels were
quantified using the “analyze particles” function. Data from 17
HeLa and 22 NUCBI-KO cells from two independent experi-
ments were plotted as the median + IQR. Significant differences
with P < 0.05 were analyzed using the nonparametric
Kruskal-Wallis test with Dunn’s multiple comparison test.

Live-cell ER-Golgi cargo transport analysis

Quantification of normalized Golgi area over time was con-
ducted using the custom-made Image] macros. The first part of
the macro used a median filter to smooth the edges of objects. A
binary image was generated for the first frame of the video to
extract the ER signal of RUSH reporter using the threshold
function of Image] and to manually extract the ER object. The ER
area was then measured using the “analyze particles” function
with pixel sizes 50-infinity. The second part of the macro was
optimized for extracting Golgi objects for each frame and for
quantifying their area. The macro used Image]’s rolling ball
background subtraction algorithm followed by a median filter. A
binary image was generated for each frame with the “auto
threshold” function using the “moments” algorithm. Areas of
binary Golgi objects were then quantified for each frame with
the “analyze particles” function using pixel sizes 15-infinity. The
normalized Golgi area was calculated as the ratio of Golgi com-
pacted area at each frame and the ER area at the first frame.
Normalized Golgi area for 15 control and NUCBI-KO cells were
plotted for each time point as the median + IQR. Significant
differences at t = 22 min with P < 0.05 were analyzed using the
nonparametric Mann-Whitney U test.

Secretion assays
For the RUSH secretion assay, we followed the protocol de-
scribed by Deng et al. (2018). HeLa and NUCBI-KO cells (10°)
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were seeded into six-well plates, incubated overnight, and then
transfected with SS-Flag-MMP2-SBP or LyzC-Flag-SBP-eGFP for
24 h using PEIL Thereafter, the cells were incubated in DMEM
serum-free medium for 45 or 60 min, and supernatants were
collected and concentrated 20x using Centrifugal Filters (Ami-
con Ultra). The cells were then lysed using 1x PBS + 0.05% Triton
A-100, and the total protein was quantified. All samples were
normalized to the corresponding lysate protein concentrations.
Laemmli buffer was added to a final concentration of 1x, and the
samples were evaluated via SDS-PAGE and WB.

The HRP transport and secretion assay was performed as
previously described (von Blume et al., 2011, 2012; Kienzle and
von Blume, 2014). We seeded 125,000 HeLa or NUCBI1-KO cells
stably expressing SS-HRP-FLAG as technical triplicates into 12-
well plates for 24 h. Before the start of HRP secretion, HeLa
Brefeldin A (BFA) samples were preincubated with 10 pg/uL
BFA in medium for 1 h. Cells were then washed 5x with PBS and
incubated in medium with or without BFA for 4 h. Cell culture
supernatants were harvested and filtered, and the cells were
lysed in 0.5% Triton X-100 in PBS. Finally, 50 pl of medium and
whole-cell lysis were mixed with 50 pl Liquid Substrate System
solution (2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid;
Sigma-Aldrich, A3219). HRP activity was measured on a Magellan
plate reader (Tecan Group) at 405 nm. The ratio of secreted HRP
and cellular HRP was then normalized to HeLa control samples set
to 100%. Normalized data from three independent experiments
were plotted as mean + SD. Significant differences with P < 0.05
were analyzed using the nonparametric Kruskal-Wallis test with
Dunn’s multiple comparison test.

For the endogenous MMP2 secretion assay, MDA-MB-231
cells expressing MT1-MMP-mCherry were seeded into six-well
plates and incubated overnight. Cells were silenced using the
described siNUCBI-1 and incubated until 80% confluence was
reached. At that point, cells were incubated in 2 ml L15 serum-
free medium for 16-20 h, and the supernatants were collected
and concentrated 20x using Centrifugal Filters (Amicon Ultra).
Cells were then lysed using 1x PBS + 0.05% Triton X-100, and
total protein was quantified and normalized by the corre-
sponding cell lysate protein concentration. Samples were ana-
lyzed via SDS-PAGE and WB.

Semiquantitative analysis of band intensities was performed
using Fiji, following the protocol described by (Deng et al., 2018).
Normalized data from three independent experiments were
plotted as the mean + SD. Significant differences with P < 0.05
were analyzed using the nonparametric Kruskal-Wallis test
with Dunn’s multiple comparison test.

Enrichment of cell surface biotinylated proteins

MTI1-MMP transport to the cell surface in HeLa and NUCB1-KO
cells was evaluated by pulldown of biotinylated cell surface
proteins using NeutrAvidin agarose beads (Pierce). Cells were
cultivated as described above and seeded in 10-cm culture dishes
(75 x 103 cells per dish) until 60% confluence. Cells were labeled
with sulfo-NHS-SS-biotin (250 ug/ml) for 90 min or covered in
ice-cold DPBS for control (- biotin, time 0) condition at 4°C on a
platform rocker. Excess biotin was removed by washing once
with ice-cold glycine in PBS (150 mM) before quenching the
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biotinylation reaction by incubating in the same glycine solution
for 25 min (5 ml in dish platform rocker). Cells were washed
with ice-cold DPBS, collected using cell scrapers, and lysed in
1 ml lysis buffer (100 mM Tris-HCI, 150 mM NacCl, 0.1% SDS, 1%
Triton, 1% deoxylcholic acid, pH 7.4, + cOmplete tablets) for
30 min on ice. Cell lysates were separated from membrane and
cell debris by centrifugation for 15 min at 14,000 rpm (4°C).
NeutrAvidin beads were prepared for incubation by washing 2x
with 0.5 ml DPBS and 0.5 ml lysis buffer (3,400 rpm, 4°C,
3 min). After determining the total protein amount per cell ly-
sate by Bradford (absorption A = 595 nm), the equalized cell
lysates were incubated with 150 pl NeutrAvidin bead slurry
overnight at 4°C (rotating wheel). To reduce nonspecific protein
binding, the beads were washed with lysis buffer (1 ml, 5x) on
ice by centrifugation (3,400 rpm, 4 and 3 min). Subsequently,
biotinylated proteins were eluted in 80 pl Laemmli sample
buffer containing 50 mM DTT (10 min, 95°C) and analyzed by
SDS-PAGE. Detection was performed via WB. Semiquantitative
analysis of band intensities was performed using Fiji. Endoge-
nous MT1-MMP band intensities were normalized to the
intensity of B-integrin and then to the HeLa control sample at
90 min (100%). Normalized data from three independent
experiments were plotted as the mean + SD. Significant differ-
ences with P < 0.05 were analyzed using a one-sample t test.

Zymography

Gel zymography was performed as described by Toth et al.
(2012). HelLa or NUCBI-KO cells (1.5 x 105 cells/ml) were
seeded in 10-cm Petri dishes. After overnight incubation, cells
were transfected with either SS-Flag-MMP2-SBP-eGFP or LyzC-
Flag-SBP-eGFP using PEL After 24 h, cells were starved for
45 min by incubating in serum-free medium containing 40 pM
biotin. The supernatants were collected and concentrated 20x
using Centrifugal Filters (Amicon Ultra, Ultracel 10K). Cell ly-
sates were prepared via incubation with 300 ul zymography
lysis buffer (25 mM Tris, 100 mM NaCl, and 0.1% NP-40) on ice
for 15 min and centrifugation of lysates at maximal speed for
20 min. The samples were prepared by adding 1x sample buffer
(zymography running buffer, 35% glycerol, 8% SDS, and 1 mg/ml
Bromophenol Blue) and run on a Novex 10% Zymogram Plus
(Gelatin) gel at 150 V for 80 min. Gels were briefly washed with
distilled water and incubated with 100 ml 1x renaturing solution
for at least 3 h. The gels were washed 3x with distilled water,
incubating each time with =100 ml distilled water for 10 min.
The water was replaced with 100 ml developing solution and
incubated for 30 min at room temperature. Buffer was replaced
with new 1x renaturing solution and incubated for =20 h at 37°C
on a shaker. Finally, the gels were briefly washed with water and
stained with Coomassie solution until completely dark blue.
Bands appeared as sharp clear areas. If necessary, gels were
briefly (<5 min) destained in a 5% methanol + 10% acetic acid
solution. Semiquantitative analysis was performed with Fiji by
quantifying the degraded area on the gel and setting the de-
graded intensity of HeLa control cells to 100% in each experi-
ment. The degraded area of NUCB1-KO cells is expressed as
percentage relative to HeLa control. Significant differences were
evaluated using a one-sample t test.
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Structural visualization of NUCB1 E264Q and

E316Q substitutions

The molecular graphics of the nuclear magnetic resonance
structure of NUCBI (1SNL, Research Collaboratory for Structural
Bioinformatics Protein Data Bank [RCSB PDB]) were visualized
and performed with UCSF Chimera (developed by the Resource
for Biocomputing, Visualization, and Informatics at the Uni-
versity of California, San Francisco, with support from NIH P41-
GM103311). The depicted rotamer was selected according to the
highest probable candidate from the Dunbrack backbone-
dependent rotamer library (Shapovalov and Dunbrack, 2011),
and the pictures were adapted from the available model 1SNL (de
Alba and Tjandra, 2004) in RCSB PDB using the UCSF Chimera
software (Pettersen et al., 2004).

Protein purification of His-tagged proteins

The expression of rHS-MMP2, rNUCBI-His, and rNUCBI-
mEF1+2-His in HEK293T cells was induced by incubating the
cells with DMEM serum-free medium supplemented with dox-
yeycline and aprotinin (1 ug/ml each) for 20 h. For His-SUMO-
MMP2 and rNUCBI-His, proteins were purified using a column
packed with cOmplete His-tag purification resin from Roche, as
described by Crevenna et al. (2016). For rNUCB1-mEFh1+2-His
purification, the supernatant was collected, concentrated 100x
using Centrifugal Filters (Amicon Ultra, Ultracel 10K), and in-
cubated with previously NaP pH 8.0 equilibrated Protino Ni-
NTA agarose beads for 2 h at 4°C with rotation. The proteins
were then washed and incubated with 250 mM imidazole for
protein elution.

CD spectroscopy

CD measurements were performed as described previously
(Crevenna et al., 2016) with the following modifications. Meas-
urements were performed at 4°C using 20 mM Tris + 500 mM
NaCl buffer. The mean of four independent spectra (from 198 to
250 nm with 0.1-nm spacing) was recorded. CONTIN analysis
was performed using CDPro. CONTIN decomposes the CD signal
into six secondary structural elements: regular a-helical, dis-
torted a-helical, regular B sheet, distorted B sheet, turn, and
unordered. Reported values in the main text for the a-helical
and B sheet content were the sum of regular and distorted
fractions for each secondary element.

Maleimide protein labeling

Recombinant His-SUMO-MMP2 was labeled with Cy3-NHS-
Ester according to the manufacturer’s instructions. After label-
ing, the protein was dialyzed in 20 mM Tris and 100 mM NaCl,
pH 7.0, to remove excess free dye.

AUC

Sedimentation velocity experiments were performed on an
Optima XL-I analytical ultracentrifuge (Beckman) using an An
60 Ti rotor and double-sector epon center pieces. The proteins
were added to a 20 mM Tris + 100 mM NaCl buffer at 0.6 and
1.6 mg/ml for rHS-MMP2 and rNUCBI-His, respectively. Buffer
density and viscosity were measured using a DMA 5000 den-
sitometer and a AMVn viscosimeter, respectively (both Anton
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Paar). Fluorescently labeled protein concentration distribution
was monitored at 544 nm at 50,000 rpm and 20°C. Time-
derivative analysis was computed using the SEDFIT software
package, v12.1b (Schuck, 2000), resulting in a c(s) distribution
and an estimate of the molecular weight Mf (from the sedi-
mentation coefficient and the diffusion coefficient, as inferred
from the broadening of the sedimentation boundary, assuming
all observed species share the same frictional coefficient f/fo).

Ca?* influx assay

Ca?* entry into the TGN or cis-Golgi was measured as described
previously (Deng et al., 2018; Lissandron et al., 2010). Ca*
measurements in the TGN or cis-Golgi were performed using a
fluorescent Ca?* sensor Go-Dl-cpv (which targets the TGN) or
GPP130-Twitch5 (which targets the cis-Golgi). Changes in Ca**
concentration in the TGN by the Go-Dl-cpv sensor were ob-
served as changes in FRET efficiency between CFP and YFP
fluorescent proteins linked by a modified CaM and CaM-binding
domain. On the other hand, changes in Ca?* concentration in the
cis-Golgi were observed as FRET efficiency between enhanced
CFP and Citrine fluorescent proteins linked by a modified
C-terminal domain of Opsanus tau troponin C (Thestrup et al.,
2014). HeLa or NUCBI-KO cells were transfected with either Go-
D1-cpv or GPP130-Twitch5 alone or with NUCB1-WT or NUCBI-
EFh1+2 mutant for 24 h. Ca?* entry into the TGN or cis-Golgi
were measured in Ca**-depleted cells after incubating for 1 h at
4°C in HBSS (20 mM Hepes, Ca®*/Mg?*-free HBSS [Gibco by Life
Technologies], 2 g/liter glucose, 490 uM MgCl,, and 450 pM
MgSO,, 300 mOsmol/liter, pH 7.4) with 1 uM ionomycin (Ab-
cam) and 0.5 mM EGTA; von Blume et al.,, 2011; Deng et al.,
2018). The cells were then washed twice in HBSS + 0.5 mM
EGTA followed by washing three times in HBSS only. Image
acquisition was performed on a DeltaVision Elite (GE Healthcare
Life Sciences) as described by Deng et al. (2018). The excitation
filter (430/24), dual-band Sedat CFP/YFP beam splitter (Chroma
Technology Corp.), and the emission filters (535/25 for FRET and
470/24 for CFP) were rapidly changed using an external filter
wheel controlled by a motorized unit to generate the images.
Fluorescent signals reflecting TGN or cis-Golgi [Ca?*] were
presented as AR/R,, where R, is the value obtained before the
addition of 2.2 mM CaCl, to the cell’s bathing solution. Images
were acquired using softWoRx 5.5 software (GE Healthcare Life
Sciences). Image analysis was conducted using a custom-made
Image] macro based on ratiometric FRET analysis described
previously (Kardash et al., 2011; Kienzle et al., 2014; Deng et al.,
2018). The macro uses Image]’s rolling ball background sub-
traction algorithm followed by a mean filter to smooth out the
edges of the objects. A binary image was generated by the “auto
threshold” function using the “moments” algorithm. FRET and
CFP channel images were multiplied by the ImageCalculator
plugin with their respective binary images, resulting in images
that show O intensities outside of the threshold Golgi region
while retaining intensities within the Golgi. Next, a ratio image
of FRET/CFP was generated using the Ratio Plus plugin. The
Golgi objects were detected using the “find maxima” function
and added to the region of interest manager. The mean inten-
sities of each region of interest were then measured in the ratio
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image for each frame. The ratio values of each frame were
subtracted with those in the first frame. These values were
normalized to the first frame and presented as percentage AR/R,
to obtain the normalized ratio values before the addition of
CaCl,.

Invasion assay

Transwells (pore size 8 pm; Costar; Corning) were coated on the
upper side with 50 ul growth factor-reduced Matrigel (BD Bi-
osciences) diluted 1:20 in L-15 medium containing 0.5% FCS and
allowed to polymerize for 1 h at 37°C. Transfected cells (5 x 10*
cells/ml) were seeded in Transwells in 100 pl of L-15 medium
containing 0.5% FCS, whereas the bottom chamber of the
Transwell contained L-15 medium supplemented with 10% FCS.
After 24 h of invasion, cells on the bottom of the membrane were
fixed and stained with crystal violet, and six independent fields
at 10x magnification were quantified using Image] (v1.49s).
Significant differences between the number of migrating cells in
each experiment were evaluated with a paired ¢ test comparing
each sample to the corresponding experiment control (siCon-
trol-1 or siControl-2). P < 0.05 was considered significant.

Matrix degradation of MDA-MB-231 cells

Coverslips were coated with Oregon488-conjugated gelatin
(1 mg/ml; Invitrogen) followed by cross-linking with 0.5% glu-
taraldehyde (Carl Roth). Transfected cells (5 x 10* cells/ml) were
seeded on coverslips, and after 5 h of incubation at 37°C, cells
were fixed and nuclei were counterstained with DAPI. Imaging
was performed on a confocal laser scanning microscope LSM 710
(Carl Zeiss) equipped with a Plan-Apochromat 20x/0.8. 40
confocal images per condition were acquired using identical
settings for 488 and DAPI channels. Quantitative image analysis
of gelatin degradation was performed using CellProfiler soft-
ware v3.0.0. Relative degraded area was defined as the mea-
sured area normalized by the average area of the siControl in
each experiment. Significant differences were evaluated with a
paired t test comparing each sample to the corresponding ex-
periment control (siControl-1 or siControl-2). P < 0.05 was
considered significant.

2D gelatin degradation assay of human primary macrophages

Gelatin (from swine; Carl Roth) was fluorescently labeled with
NHS Rhodamine (Thermo Fisher Scientific) according to the
method described by Chen and Ko (1994). Coverslips were
coated with labeled Rhodamine-gelatin, fixed in 0.5% glutaral-
dehyde (Carl Roth), and washed in RPMI 1640 and culture me-
dium. 72 h after siRNA transfection, cells were reseeded on
coated coverslips at a density of 5 x 10* cells; fixed and per-
meabilized 4, 6, and 8 h after seeding; and stained with Alexa
Fluor 488-phalloidin. After the cells were labeled, the coverslips
were mounted on Mowiol (Calbiochem) containing 1,4-dia-
zabicyclo[2.2.2]octane (25 mg/ml; Sigma-Aldrich) as antifading
reagent. Matrix degradation values were determined as 1 minus
the ratio of fluorescent intensity under:around each cell using
Image]. These values were normalized to the control (siLUC) per
donor (three in total), represented as 100%, and reported in
percentage relative to control. For comparison, laser intensity
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was not changed between measurements. Two donors of inde-
pendent experiments were analyzed, with at least eight fields of
view (400-1,000 cells) per condition.

Images were acquired using confocal laser scanning micro-
scopes (Leica DMi8 confocal point scanner equipped with a 20x
HC PL APO IMM/CORR CS2 and oil-immersion 63x HC PL APO
0il CS2 objective and 3x HyD, 2x PMT, 1x Trans-PMT detector).
Acquisition and processing were performed using Leica LAS X
SP8 confocal software (Leica Camera), Volocity 6.1.1 software
(PerkinElmer), and Image]. Statistical differences between siN-
UCB1 and siMMP2 samples compared with siControl were
evaluated with a one-sample t test. Differences among si-NUCB1
and si-MMP2 degraded areas were compared with a paired t test
for each pair of siRNAs analyzed in parallel.

Statistical analysis

Microscopy quantification data were first evaluated for nor-
mality fit. If the data did not follow a normal distribution, we
performed a nonparametric Kruskal-Wallis test with Dunn’s
comparison for most statistical significance evaluations. For the
evaluation of statistical differences in Ca?* influx assays, we
used the Mann-Whitney U test. For semiquantitative evaluation
of blots, band intensities were evaluated with Image], and ratios
between each band and its correspondent pulled protein band or
a positive control were determined (see figure legends for more
details). Statistical analyses (one-sample t test or paired t test)
were performed using Prism software (GraphPad), unless oth-
erwise stated.

Online supplemental material

Fig. S1 shows data on MMP2-eGFP secretion and generation of
CRISPR NUCBI-KO cells. Fig. S2 shows colocalization experi-
ments with Rab GTPases, lysosomes, and LyzC. Fig. S3 details
experiments with recombinant proteins. Fig. S4 depicts RUSH
experiments using NUCB1-cyto and MT1-MMP-mCherry, as well
as an MTI-MMP cell surface biotinylation assay. Fig. S5 shows
zymography and secretion assays with different cargoes than
MMPs. Table Sl lists the hits found in our MS analysis.
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Figure S1. MMP2-eGFP secretion and evaluation of CRISPR NUCB1-KO clones. (A) Hela cells stably expressing SS-MMP2-eGFP were seeded on glass
slides and incubated at 37°C for 3 d to evaluate MMP2-eGFP secretion. After fixation, cells were incubated with GFP antibody and Alexa Fluor 594. Confocal
fluorescence images show colocalization of MMP2-eGFP and GFP antibody of nonpermeabilized cells, evidencing secretion of MMP2-eGFP to the extracellular
space. Scale bars, 10 um; zoom bar, 2 pm. (B and C) NUCB1-KO cells were generated using the CRISPR-Cas9 system with three different gRNAs and selection
of single colonies. After puromycin selection, three NUCB1-KO clones were identified by WB (B) and later confirmed by immunofluorescence (C). *, unspecific
band; KO, HelLa NUCB1-KO cells; CN, HelLa control. Semiquantitative analysis shows normalized NUCB1-to-B-actin signal.
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Figure S2. MMP2 is partially sorted in LyzC-positive secretory vesicles. Hela cells expressing MMP2-eGFP were immunolabeled with a-Rab5, a-Rab7, or
Rab1l antibodies (red). MMP2-eGFP-expressing cells were cotransfected with mCherry (mCh)-lysosomes or LyzC-mCherry to label lysosomes or LyzC-positive
secretory vesicles, respectively. Rab6-GFP or Rab8-GFP constructs were cotransfected with MMP2-tagRFP. Images were acquired by confocal microscopy.
White arrowheads point to distinct vesicles; magenta arrowheads point to colocalizing vesicles. Bars, 10 pm; zoom, 2 pm.
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Figure S3. Protein purification and evaluation of the direct interaction between MMP2 and NUCBL. (A) Coomassie-stained SDS-PAGE for the evaluation
of His-tag purified recombinant NUCB1-His (rNUCB1-His). (B) Anti-NUCB1 WB analysis of the elution fraction shown in line 4 from A. (C) WB analysis of
purified His-SUMO-MMP2 using MMP2 antibody. (D) Recombinant His-SUMO-MMP2 (rHS-MMP2) was bioconjugated with Cy3 via maleimide labeling and
subsequently analyzed by AUC. The lowest panel shows peak of sedimentation of rHS-MMP2 at 4.705 S. (E) AUC profile of rHis-SUMO-MMP2-Cy3 and NUCB1-
His. The lowest panel shows a peak at 3.189 S, indicating a change in the sedimentation velocity associated to a direct interaction of NUCB1 and MMP2.
(F) Coomassie-stained SDS-PAGE of purified His-tagged NUCB1 Ca* binding mutant (rNUCB1ImEFh1+2). (G) WB analysis of the elution fraction shown in line 4
of F using NUCB1 antibody. (H) CD measurement of rNUCB1-His and rNUCBImEFh1+2-His under presence or absence of 1 mM Ca2*. rNUCB1-mEF1+2 molar
ellipticity is lower compared with rNUCB1-His. Evaluation of the CD spectra using CONTIN (Wiech et al,, 1996) showed an increase in rNUCB1-His a-helicity
upon Ca?* addition (from 0.385 to 0.413) that was not observed in rNUCB1-mEFh1+2 (from 0.256 to 0.147). Instead, an increase in B-sheet content (from 0.151
to 0.322) was observed. These findings are in accordance with the results described by de Alba and Tjandra (2004).

Pacheco-Fernandez et al. Journal of Cell Biology

Nucleobindin-1 regulates MMP secretion https://doi.org/10.1083/jcb.201907058

S3

020z AInr g1 uo Jesn AysiaAun ajeA Aq 4pd 850206102 90/95.7+01/850.061022/8/6 | z/4pd-2jo1e/qol/Bio sseidnu//:sdiy woy papeojumoq



A Time after biotin addition (min) B Cargo: SS-MMP2-SBP-eGFP
15 30 45 , ok )
*%k ’
| |
s _ 1007 o
= [0) L ]
38 = .
8 E 80 [ ] I<}
2 9 ° 9
2 = 2 60
N 2 J o
o
G C!-) 8 S 40 ° B
ol = N S . y L%
5 g S B 204 ° )
HE i ~'3%.
g §' O —T——T—T——T1—1i
s & 15 30 45 15 30 45 15 30 45
o2
1A & © O
g & Pl Y, ,0{\
98 © & &
zz < %xéo
Time after biotin addition (min)

C /s —Q’ropeptide)@ﬁ-MMP Luminal (S s

D Time after biotin addition (min) E Cargo: SS-MT1-MMP-SBP-mCherry
30 60 90 . n.s. <
_ 1201 - —
Ll — .
8 90+ .
4 ‘_ . L]

uonjoafoid-7 [ewixep

30 60 90 30 60 90 30 60 90

No. of MT1-MMP-mCherry vesicles / cell

SS-MT1-MMP-SBP-mCherry
NUCB1-KO

°E & © ©
~m & e NN
8 (@) 00 \)O(bOQ)
22 N N
+
Time after biotin addition (min)
F Hela  NUCB1-KO  Hela  NUCB1-KO G_ —_
Q
Time (min) © & o & S & o & 5 100
sl 20 1 ]| -— =] mT1-MmP -
e}
s
i kD:l - a— — -Il - - | B1 Integrin ? E 50
100 kD NE
Input P g =
2 0
5 2 o)
< RO
&
N
Q

Figure S4. MMP2 IG trafficking is exclusively dependent on Golgi-localized NUCB1, which also impairs IG trafficking of MT1-MMP. (A) Hela or
NUCB1-KO cells expressing SS-SBP-MMP2-eGFP alone or with a cytosolic variant of NUCB1 lacking its SS (NUCB1-cyto) were fixed after 0, 15, 30, and 45 min
of biotin incubation. Maximal Z-projection analysis of confocal microscopy images shows no differences in MMP2 trafficking of NUCB1-cyto transfected cells
compared with NUCB1-KO cells (arrowheads). Scale bars, 10 um. (B) Quantification of cytoplasmic MMP2 vesicles from cells in A. n > 18 cells; mean + SD; two
independent experiments. Significant differences with P < 0.05 were analyzed via nonparametric Kruskal-Wallis test with Dunn’s multiple comparison, **, P <
0.01. (C€) mCherry-tagged MT1-MMP RUSH construct (SS-MT1-MMP-SBP-mCh). Cyto, cytosolic domain. (D) Confocal fluorescence images of Hela or NUCB1-
KO cells transfected with or without NUCB1-WT and fixed after 30, 60, and 90 min of biotin incubation. Arrowheads, cytoplasmic vesicles. Scale bars, 5 pm.
(E) Quantification of cytoplasmic vesicles observed in A. n = 24 cells; two independent experiments; median + IQR; ***, P < 0.001; n.s., non-significant. (F) Cell
surface biotinylation assay coupled with streptavidin pull-down. HeLa or NUCB1-KO cells were untreated (time 0) or incubated with sulfo-NHS-Biotin for
90 min to label cell surface proteins, and then pulled down with Neutravidin beads. WB analysis shows a reduction in the amount of endogenous active MT1-
MMP at the surface of NUCB1-KO cells compared with Hela control. B-1 integrin was used as loading control. (G) Semiquantitative analysis of surface labeled
active MT1-MMP from F represented as % of normalized MT1-MMP intensity to B-1 integrin in comparison to control (100%). n = 3 independent experiments;
one-sample t test, **, P < 0.01. Bars, mean + SD.
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Figure S5. NUCB1 does not affect MMP2 activation nor trafficking of other cargoes such as HRP and Cathepsin D. (A) Zymography assay of HeLa cells
expressing SS-MMP2-SBP-eGFP. Untsf Hela, Hela without transfection; [SN], 10x-concentrated supernatants; CN, Hela control; KO, NUCBI-KO.
(B) Semiquantitative analysis of experiment shown in A. n = 3 independent experiments; one-sample t test; n.s., nonsignificant. (C) Whole-cell lysates of Hela
and NUCBI-KO cells stably expressing SS-HRP-FLAG were analyzed by anti-FLAG, anti-NUCBI, and anti-B-actin WB. SS-HRP-FLAG is expressed in Hela and
NUCB1-KO cells to similar levels. (D) Cell culture supernatants of cells described in C were analyzed for HRP activity by chemiluminescence after 4-h secretion.
BFA served as a positive control for perturbed secretion and was added for 1 h before HRP secretion analysis. No significant differences were observed
between NUCB1-KO and HelLa control cells. *, P < 0.05. (E) HeLa or NUCB1-KO cells expressing SS-SBP-eGFP-Cathepsin D were fixed 20, 40, and 60 min after
biotin addition. Representative maximum Z-projection images show Cathepsin D trafficking from Golgi to cytoplasmic vesicles (arrowheads). Scale bars, 10 um.
(F) Quantification of cytoplasmic Cathepsin D vesicles from cells shown in E. n > 30 Hela and NUCB1-KO cells per time point; two independent experiments;
mean + SD. Statistical analysis was performed using a nonparametric Kruskal-Wallis test with Dunn’s multiple comparison test. No significant differences with

P < 0.05 were detected.

Provided online is one table. Table S1 lists protein candidates potentially involved in the trafficking of MMP2, found by MS.
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Results

3.2 Fam20C regulates protein secretion by Cab45-phosphorylation

Cargo molecules that follow the Secretory Pathway and traverse though the Golgi apparatus,
reach the trans-Golgi network (TGN) - the main sorting hub of the cell. Here, cargo
molecules are sorted into specific vesicles to be transported to their final destinations.
Thereby, the sorting of most secreted molecules poses a conceptual challenge, as their sorting
differs from the more classical, better-studied examples seen in transmembrane or
endosomal/lysosomal proteins, where transmembrane domains or cargo recognition motifs
are required for interaction with cytosolic, vesicle-forming components. Instead, some soluble
secreted molecules are sorted via the Golgi-luminal protein Cab45 in a Ca**-dependent
process. In this regard, our lab ascertained that Cab45 oligomerizes via binding of Ca** that
has been locally pumped into the TGN by the Secretory Pathway Ca*- ATPase SPCA1. Upon
oligomerization, Cab45 binds secretory proteins e.g. LyzC, is sorted together with its clients
into sphingomyelin(SM)-rich vesicles and secreted from the cell. Nevertheless, details of the
sorting and regulation of the Cab45-client-complex remain elusive.

Therefore, the recently discovered Golgi-kinase Fam20C garnered our interest, as it is the first
- and as yet only - serine/threonine kinase found to act within the Secretory Pathway. To
address if Fam20C actually plays a role in Cab45-dependent cargo sorting, we generated
Fam20C-KO clones using the CRISPR/Cas9 technique and performed microscopy-based
single cell cargo sorting assays (RUSH-assays) to monitor cargo sorting. Interestingly, these
cells showed a reduced number of LyzC-positive vesicles budding from the TGN as well as a
reduced LyzC secretion, which was corroborated by secretion assays (Hecht et al. 2020 -
Figure 1).

Next, we sought to discover if Cab45 was itself a substrate of Fam20C. We isolated Golgi
fractions of cells, expressing Fam20C-wt or a kinase-dead variant and analyzed them by mass
spectrometry, whereas, together with annotated Fam20C substrates, phosphorylated Cab45
was identified only in the Fam20C-wt expressing cells. Further in vitro Fam20C kinase assays
revealed that Fam20C specifically phosphorylates Cab45, but not the cargo protein LyzC
(Hecht et al. 2020 - Figure 3).

As our mass spectrometry approach detected five specific Fam20C-dependent Cab45-
phosphorylation sites, we further examined their specific role in Cab45-dependent cargo
sorting at the TGN. Therefore, we mutated all of those residues to either alanine (Cab45-

5pXA) or glutamic acid (Cab45-5pXE) to mimic the non-phosphorylated and the

80



Results

phosphorylated status of Cab45, respectively, and compared them to Cab45-wt cells.
Remarkably, only Cab45-5pXE localized in post-Golgi vesicles at steady state (Hecht et al.
2020 - Figure 4).

Strikingly, live-cell experiments of cells transfected with fluorophore-tagged Cab45 and
Fam20C showed that both proteins are in close proximity with each other right before the
budding event and furthermore leave the TGN together in SM-rich vesicles (Hecht et al. 2020
- Figure 2). Indeed, Fam20C-dependet phosphorylation of Cab45 results in increased export
of Cab45 at the level of individual vesicle formation at the TGN. This goes in line with
enhanced cargo sorting and secretion, which we specifically determined for Cab45 client
LyzC, but not for non-Cab45 cargos like the lysosomal hydrolase CatD or secreted OPN®7
(Hecht et al. 2020 - Figures 5 and 6).

To further elucidate the role of phosphorylation of Cab45, we carried out a microscopy-based
oligomerization assay. Using purified GFP-tagged wt and phosphomutant proteins, we
observed that in contrast to the other tested proteins, Ca** addition to GFP-Cab45-5pXE
resulted in the formation of smaller and less intense oligomeric structures, suggesting that

phosphorylation influences the size of the oligomers (Hecht et al. 2020 - Figure 7).

7 OPN = Osteopontin
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The TGN is a key compartment for the sorting and secretion of newly synthesized proteins. At the TGN, soluble proteins are
sorted based on the instructions carried in their oligosaccharide backbones or by a Ca?*-mediated process that involves the
cargo-sorting protein Cab45. Here, we show that Cab45 is phosphorylated by the Golgi-specific protein kinase Fam20C.
Mimicking of phosphorylation translocates Cab45 into TGN-derived vesicles, which goes along with an increased export of
LyzC, a Cab45 client. Our findings demonstrate that Fam20C plays a key role in the export of Cab45 clients by fine-tuning Cab45
oligomerization and thus impacts Cab45 retention in the TGN.

Introduction

The Golgi apparatus is the main sorting hub of the protein se-
cretory pathway within cells. Much of this activity occurs in the
most distal cisternae of the Golgi, known as the TGN (Chege and
Pfeffer, 1990; Gleeson et al,, 2004; Klumperman, 2011; De
Matteis and Luini, 2008; Munro, 2005).

Over recent decades, studies have elucidated the mechanisms
by which sorting takes place at the TGN to explain the trafficking
of transmembrane proteins (Folsch et al., 1999; 2001; Félsch, 2005,
2008; Munro, 1995; Welch and Munro, 2019) and the transport of
lysosomal hydrolases to endosomes and lysosomes (Mellman and
Nelson, 2008). A process fundamental to all sorting events is the
congregation of cargo molecules in the TGN, where they interact
with cytosolic coat complexes that initiate the formation and
budding of vesicles (Ang and Félsch, 2012; Bonifacino, 2014; Guo
et al., 2014; Traub and Bonifacino, 2013). However, many soluble
secreted molecules contain neither a transmembrane domain nor
a recognition motif for known cargo receptors, which poses a
challenge as to how these molecules are sorted and trafficked
(Kienzle and von Blume, 2014; Pakdel and von Blume, 2018).

We have previously described a novel sorting mechanism that
explains the sorting of certain soluble secreted molecules. In this,
secretory pathway Ca>* ATPase 1 (SPCA1), a TGN-specific calcium
ion (Ca%*) ATPase, interacts with cofilinl and F-actin at its cyto-
solic interface, promoting Ca2* influx into the lumen of the TGN
(von Blume et al., 2009, 2011, 2012; Kienzle et al., 2014; Pizzo et al.,
2010). As a result of this local Ca®* increase, the Ca?*-binding
protein calcium-binding protein 45 kD (Cab45) oligomerizes and
binds secretory cargoes (clients), such as lysozyme C (LyzC),

thereby segregating them from the bulk milieu of the TGN lumen
(Blank and von Blume, 2017; Crevenna et al., 2016). Cab45-client
complexes are then sorted into specific sphingomyelin (SM)-rich
vesicles and transported to the plasma membrane for secretion
(Deng et al., 2018). Other factors that influence the sorting of the
Cab45-client complexes into SM-rich vesicles remain unknown.

Family with sequence similarity 20 member C (Fam20C) is a
recently discovered serine/threonine kinase found in the Golgi
apparatus, which phosphorylates >100 secreted substrates
within the secretory pathway (Tagliabracci et al., 2012, 2013,
2015). Interestingly, many of these are Ca?*-binding and se-
creted proteins (Tagliabracci et al., 2015).

This study analyzes the influence of Fam20C on the SPCA1/Cab45
sorting machinery. We show that Fam20C phosphorylates Cab45 on
distinct residues and thereby decreases Cab45 retention in the TGN.
In this regard, our data present evidence that phosphorylation fine-
tunes the oligomerization-dependent sorting process with-
out modulating the general Ca?*-binding ability of Cab45. Moreover,
phosphorylation of Cab45 drives the sorting of Cab45-client LyzC
into SM-rich vesicles, leading to enhanced secretion of the cargo.
Overall we propose that Fam20C regulates Cab45-dependent client
sorting by modulating its release into vesicles at the TGN.

Results

Depletion of Fam20C impairs secretion of LyzC

It has previously been shown that the majority of Fam20C
substrates are secreted proteins (Tagliabracci et al., 2015);
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however, whether the kinase has a directing role in cargo
secretion has not yet been investigated. To address if
Fam20C plays a role in Cab45-dependent cargo sorting, a
Fam20C knockout (KO) cell line was generated using
CRISPR/Cas9 technology (Cong et al., 2013). The sequencing
of a clone (Fig. 1 A) detected the deletion of 22 bp at the
predicted Cas9 cutting site and leads to the premature ter-
mination of the protein. Additionally, we confirmed the KO
of Fam20C at the protein level by mass spectrometry (MS)
analysis (Fig. S1, A and B).

We next examined the role of Fam20C in the secretion of the
Cab45 client LyzC (von Blume et al., 2012; Crevenna et al., 2016;
Deng et al.,, 2018). We transfected HeLa cells and Fam20C-KO
cells with LyzC-Flag and analyzed the supernatants by SDS-
PAGE and Western blotting. To investigate the role of Fam20C in
the TGN export of LyzC, we incubated these cells at 20°C for 2 h
to promote the accumulation of LyzC in the TGN followed by
incubation at 37°C for 1 h to release the protein. Western blot
analyses (Fig. 1 B) revealed a reduction of LyzC secretion after
37°C release in the Fam20C-KO cells of ~50% compared with the
WT cells (Fig. 1 C). This is in line with the reduced secretion in
Cab45 KO-cells (Crevenna et al., 2016).

Next, we used the retention using selective hooks (RUSH)
system to analyze the packaging of LyzC into secretory
vesicles in Fam20C-KO cells. The RUSH system allowed us
to track the cargo transport through the secretory pathway
(Boncompain and Perez, 2012; Boncompain et al., 2012). Control
and Fam20C-KO cells were transfected with the RUSH construct
LyzC-streptavidin-binding peptide (SBP)-EGFP and fixed after
various time points. We also analyzed rescued Fam20C-KO cells
that stably reexpressed Fam20C-WT, as well as the kinase-dead
variant Fam20C-D478A (Tagliabracci et al., 2012). The expres-
sion of Fam20C-WT and Fam20C-D478A was confirmed by
staining cells with an a-HA antibody (Fig. 1 D). Without biotin,
LyzC was trapped in the ER (0 min), whereas biotin addition
induced LyzC transport through the secretory pathway. TGN-
derived vesicles at different time points were quantified (Fig. 1
E). LyzC was observed to localize in the Golgi of the HeLa control
cells 20 min after adding biotin; after 40 min, LyzC was sorted
and packed into TGN-derived vesicles, with 32 + 15 vesicles per
cell (Fig. 1, D and E). To exclude that analyzed LyzC vesicles in the
RUSH approach are following the endosomal/lysosomal path-
way, we performed costainings in HeLa cells using specific en-
dosomal/lysosomal markers (Fig. S1 C).

Consistent with the results of the secretion assay (Fig. 1, B
and C), the Fam20C-KO cells showed a significant delay in the
formation of LyzC vesicles after 40 min (with 19 + 12 vesicles per
cell). This effect was fully rescued by reexpressing Fam20C-WT
in Fam20C-KO cells (resulting in 35 * 22 vesicles per cell), but
not with the kinase-dead variant (10 + 7 vesicles per cell; Fig. 1, D
and E). A comparison of the reexpression of Fam20C-WT versus
Fam?20C-D478A showed a significantly higher number of LyzC
vesicles in the former, even at 60 min after biotin addition (with
53 + 25 and 16 + 12 vesicles per cell, respectively).

Together, these results indicate that Fam20C kinase activity
drives the sorting and secretion of the Cab45-dependent
client LyzC.

Hecht et al.
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Fam20C buds with Cab45 in SM-rich vesicles

Given the finding that Fam20C depletion delayed the sorting of
LyzC from the Golgi, we performed colocalization studies to
investigate if there was an interconnection between the kinase
and Cab4b. First, we defined the localization of Fam20C and
Cab45 relative to each other using immunofluorescence mi-
croscopy in fixed HeLa cells stained with antibodies against
endogenous Cab45, Fam20C (HA antibody), and TGN46 (Fig. 2
A). Here, Fam20C colocalized with Cab45 (Pearson’s correlation
coefficient [r] = 0.754 + 0.071) and TGN46 (r = 0.906 + 0.026;
Fig. 2 B). To investigate this co-occurrence in living cells, we
monitored Cab45 and Fam20C budding by time-lapse imaging.
HelLa cells were transfected with EGFP-Cab45 and mCherry-
Fam?20C, and vesicle formation was monitored over time. In-
terestingly, both proteins were budding from the TGN in the
same vesicle (Fig. 2 C).

We reported recently that Cab45 is sorted into SM-rich
vesicles and transported with its clients to the cell surface
(Deng et al., 2018). To further verify the sorting of Fam20C, we
investigated the colocalization of Fam20C with SM-rich vesicles
in living cells. We used time-lapse microscopy to observe HeLa
cells cotransfected with mCherry-Fam20C and EGFP-Cab45, EQ-
SM-0xGFP (a nontoxic SM reporter protein derived from equi-
natoxin II [EQ]), or EQ-Sol-0xGFP (a nontoxic SM-binding-deficient
reporter mutant). Fam20C vesicles were counted and analyzed for
colocalization (Fig. 2 D). On average, out of 14 budded Fam20C
vesicles, 9 were positive for Cab45 (65% * 24%). Fam20C budded
predominately in SM-positive vesicles (20 out of 26; 73% + 17%), but
not together with SM-binding-deficient EQ-Sol (13 out of 46; 30% +
13%; Fig. 2 E).

These results suggested the close proximity of Fam20C and
Cab45 at TGN exit sites before budding by going in the same
transport carriers.

Fam20C phosphorylates Cab45 on distinct residues

The close proximity of Fam20C and Cab45 acts as a striking
indicator that Fam20C could directly phosphorylate Cab45. This
idea was also supported by the fact that many of the recently
identified Fam20C substrates play roles in Ca®>* homeostasis or
are actual Ca?*-binding proteins (Tagliabracci et al., 2015). So
far, published screens indicated that Cab45 contains phosphor-
ylated residues (e.g., Mertins et al., 2016; Zhou et al., 2013).
However, to date, no kinase responsible for these modifications
could be pinpointed.

To study the interdependence between the two proteins,
recombinant Cab45 was purified from HEK293 cell culture su-
pernatants (Li et al., 2013) and subsequently subjected to in vitro
kinase assays with Fam20C-WT and the kinase-dead mutant
Fam20C-D478A (Fig. 3 A). Osteopontin (OPN), a highly phos-
phorylated Fam20C substrate was used as a positive control
(Tagliabracci et al., 2015). The results illustrated in Fig. 3 A
clearly prove that Fam20C, but not the inactive mutant, is in-
deed able to phosphorylate Cab45 in vitro. Furthermore, the lack
of phosphorylation of LyzC in the same Fam20C kinase assay
(Fig. 3 B) additionally indicates that phosphorylation of Cab45,
but not of LyzC itself, might be responsible for the sorting defect
of LyzC (Fig. 1, B-E).
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Figure 1. Depletion of endogenous Fam20C impairs sorting and secretion of LyzC. (A) HelLa Fam20C KO cells were generated using the CRISPR/Cas9
technique. Fam20C was targeted downstream of the signal sequence (SS) with gRNA next to Cas9 cutting site PAM. Sequencing of a Fam20C-KO clone
highlight the deletion of 22 bp. (B) Western blot analysis of the secretion of LyzC-Flag in HeLa control (ctrl.) and Fam20C-KO cells after 20°C block and 37°C
release. B-Actin was used as loading control. (C) Western blots of four independent experiments (B) were quantified by densitometry with Image). The bar
graph represents the means + SD of densitometric values of external LyzC-Flag, normalized to internal levels in percentage. Statistical test, Kolmogorov-
Smirnov. (D) Representative immunofluorescence images of the LyzC-RUSH experiments, showing LyzC transport in different cell lines. Cells were fixed at O,
20, 40, and 60 min after biotin addition and costained with anti-HA antibody. Arrowheads indicate post-Golgi vesicles. Scale bars, 10 um. (E) LyzC vesicle
formation was quantified from RUSH experiments (D), analyzing z-stack images (d = 0.35 um). A scatter dot plot represents the means (+ SD) of at least three
independent experiments (n > 45 cells per condition). Statistical test, Kruskal-Wallis. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2. Fam20C buds with Cab45 in TGN-derived vesicles. (A) Colocalization of Fam20C-HA, Cab45, and TGN46 in stable Fam20C cell lines was
demonstrated by using immunofluorescence microscopy. Scale bars, 10 um. (B) Pearson’s correlation coefficients were determined from A using Image). The
bar graph represents the means + SD (n > 8 cells per condition). (C) The budding of Fam20C vesicles from the Golgi was observed in living cells expressing
mCherry-Fam20C and EGFP-Cab45. Time-lapse movies were acquired. Scale bars, 10 um. Arrowheads indicate colocalizing vesicles. Higher magnification
shows Golgi (inset; scale bars, 1 um). (D) Example micrographs are showing the Fam20C vesicle budding in living cells that expressed mCherry-Fam20C with
EGFP-Cab45, EQ-SM-0xGFP, or EQ-Sol-oxGFP. Scale bars, 10 um. Higher magnification shows Golgi (inset; scale bars, 1 pm). White arrowheads indicate
colocalizing vesicles, and red arrowheads indicate Fam20C-only vesicles. (E) The numbers of colocalizing vesicles (D) were quantified. Data were collected
from three independent experiments (n > 230 vesicles per condition). The bar graph illustrates the means (+ SD) of colocalizing vesicles in percentage.
Statistical test, Mann-Whitney. ***, P < 0.001.

To identify single Fam20C phosphorylation sites on Cab45in  Cab45 within the Golgi compartment (Fig. 3 C). In this regard,
living cells, we used sucrose gradient centrifugation to purify we predominately found Fam20C-regulated phosphorylated
Golgi fractions from cells that stably express Fam20C-WT or sites in cells expressing Fam20C-WT, but not in D478A samples
Fam20C-D478A. These fractions were analyzed by MS and (Fig. S1 D), with a strong correlation between biological repli-
phosphoproteomics, verifying the phosphorylation status of cates (Fig. S1E).
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Cab45 phosphorylation sites:

Position | -Log10| Log2 Sequence window Score | Detection
S99 3.62 -5.21 | GKDLGGFDEDAEPRRSRRKLMVIFSKVDVNT | 116.1 G, DB
T131* 2.18 -4.62 | RKISAKEMQRWIMEKTAEHFQEAMEESKTHF | 130.4 G
T131* 2.56 -3.51 | RKISAKEMQRWIMEKTAEHFQEAMEESKTHF | 130.4 ©
S142* 3.11 -4.47 | IMEKTAEHFQEAMEESKTHFRAVDPDGDGHV | 178.6 @
S142* 3.38 -2.84 | IMEKTAEHFQEAMEESKTHFRAVDPDGDGHV | 178.6 G
T193 4.09 -5.33 | ADAIRLNEELKVDEETQEVLENLKDRWYQAD | 311.9 | G, MS, DB
S349 5.25 -7.31 LEPEEVLKYSEFFTGSKLVDYARSVHEEF__ | 145.3 G, MS

* Multiplicity 2 (contains two detected phosphosites T131 & S142)

Figure 3. Fam20C phosphorylates Cab45 on five distinct residues. (A and B) In vitro Fam20C kinase assays. Recombinant Cab45-WT and LyzC were
incubated with Fam20C-WT or Fam20C-D478A in the presence of [y-3?P]JATP. 32P incorporation was tested by SDS-PAGE and autoradiography. OPN was used
as positive control. (C) Scheme of the MS approach used to identify Fam20C-dependent Cab45 phosphorylation in vivo. (D) Volcano plot is showing the
phosphorylation change of phosphosites, detected in Golgi fractions of Fam20C-WT and D478A cells (C). Cab45 phosphorylation sites (red) are listed in Table 1.
Abbreviations used: DB, database (www.phosphosites.org); G, sites detected in the Golgi fractions (C and D); MS, MS after kinase assay (A).

Among the hits, we detected phosphosites of typical Fam20C
substrates (Tagliabracci et al., 2012, 2015), including nucleo-
bindin, proprotein convertase subtilisin, and amyloid B A4
protein (data not shown), as well as phosphosites of Cab45. In
total, five specific Cab45 residues were identified that were

Hecht et al.
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phosphorylated in Golgi fractions from Fam20C-WT, but not
Fam20C-D478A, cells (labeled red and listed in Fig. 3 D). Strik-
ingly, two of these sites (T193 and S349) were also identified in
the in vitro kinase assay (Fig. 3 A), when the final product of the
assay was analyzed by MS (data not shown). Sites S99 and T193
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Table 1. Primers and oligomers used for cloning of constructs

Construct

Forward primer (5’ to 3')

Reverse primer (5’ to 3')

pLPCX-Cab45-5pXA

T131: GGATCATGGAGAAGGCGGCCGAGCACTTC

T142: GAGGCCATGGAGGAGGCCAAGACACACTTCCG

599: AGCTTCCTCCGGGCCCGCCGCGGLTC

5193: TCAAAGTGGATGAGGAAGCACAGGAAGTCCTGGA

5349: CGAGTTCTTCACGGGCGCCAAGCTGGTGGACTAC

pLPCX-Cab45-5pXE

T131: GGATCATGGAGAAGGAAGCCGAGCACTTC

T142: GAGGCCATGGAGGAGGAAAAGACACACTTCCG

599: AGCTTCCTCCGTTCCCGCCGCGGCTC

5193: TCAAAGTGGATGAGGAAGAACAGGAAGTCCTGGA

5349: CGAGTTCTTCACGGGCGAAAAGCTGGTGGACTAC

pB-T-PAF-Cab45-WT/
SpXA/SpXE

Fragmentl: GGCGGCCATCACAAGTTTGTACAGATGGCTACAGGC
TCCCGG

Fragmentl: GGTTGGCAGGCCGGCATTCACCTCC

Fragment2: GGAGGTGAATGCCGGCCTGCCAACC

Fragment2: CCAGCACACTGGATCAGTTATCTATGCTTAAAACTC
CTCGTGCACGCTGCG

pBT-PAF-GFP-Cab45-
WT/5pXA/5pXE

Fragmentl: GGCGGCCATCACAAGTTTGTACAGCTAGCATGGCTA
CAGGCTCCCG

Fragmentl: CCGCTTCCACCTCCACCAGATCTGTGATGATGATGG
TGATGAAGCTTTGTTC

Fragment2: CTGGTGGAGGTGGAAGCGGTAGCAAAGGAGAAGAAC
TTTTCACTGG

Fragment2: CTTTGGAAGTACAGGTTCTCGGATCCGGCCGGCCGA
CCTCCACCTTTGTAGAGCTC

Fragment3: GAGGTCGGCCGGCCGGATCCGAGAACCTGTACTTCC
AAAGTGGCGCGCCACGGCCTGCCAACCAC

Fragment3: GGATCAGTTATCTATGCGGCCGCTCTAGATTAAAAC
TCCTCGTGCACGC

pLPCX-SS-EGFP-
Cab45-5pXA/5pXE

Fragmentl: CGTGACCGCCGCCCCGGAATTCCGGCCTGCCAACCA
CTCG

Fragmentl: TTTATCGATGTTTGGCCGAGGCGACCGGTTTAAAAC
TCCTCGTGCACGCTGCG

pLPCX-Fam20C-HA

Fragmentl: CGTAGATCTATGAAGATGATGCTGGTGCGCCG

Fragmentl: GCACAATTGTTAAGCGTAGTCTGGGACGTCGTATGG
GTACCTCGCCGAGGCGGCTCTGTG

pLPCX-Fam20C-
D478A-HA

D478A: CATCATCCACTTAGCCAATGGAAGAGG

pLPCX-mCherry-
Fam20C

Fragmentl: CCATAAAGCTTATACGAATTCATAGCCATGGCTACA
GGCTCCCGGACGTCCCTGCTCCTGGCTTTTGGCCTGCTCTGCCTG
CCCTGGCTTCAAGAGGGCAGTGCCTTCCCAACCATTCCCTTATCC
TCGGGAA

Fragmentl: TTCCCGAGGATAAGGGAATGGTTGGGAAGGCACTGC
CCTCTTGAAGCCAGGGCAGGCAGAGCAGGCCAAAAGCCAGGAGCA
GGGACGTCCGGGAGCCTGTAGCCATGG

Fragment2: CCCTTATCCTCGGGAACAAAGCTTATGGTGAGCAAG
GGCGAGG

Fragment2: CCTCCCCGGGGGAGAGGAATTCCTTAGCGTAGTCTG
GGACGTCGTATGGGTA

Fragment3: TACCCATACGACGTCCCAGACTACGCTAAGGAATTC
CTCTCCCCCGGGGAGG

Fragment3: TATCGATGTTTGGCCGAGGCGGCCGCTTACCTCGCC
GAGGCGGCTCTGTG

pIRESneo3-Str-
KDEL_SS-SBP-tagRFP-
Cab45

Fragmentl: CTTGCCACAACCCGGGAGGCGCGCCATGGCTACAGG
CTCCCGGACGTCCC

Fragmentl: CTTAATCAGCTCTTCGCCCTTAGACACACCTGCAGG
TGGTTCACGTTGACCTTG

Fragment2: CAAGGTCAACGTGAACCACCTGCAGGTGTGTCTAAG
GGCGAAGAGCTGATTAAG

Fragment2: AGTTAATTAATTGGCCCTCGAGGCCTTAAAACTCCT
CGTGCACGCTGCGC

have previously been reported (Mertins et al., 2016; Zhou et al.,
2013), confirming the results of the present phosphoproteomics.
Interestingly, many of the identified protein hits could be clus-
tered into four subgroups to Golgi-localizing, secreted, glyco-
sylated, and Ca?"-binding proteins (Fig. S1 F), and Cab45
matches in all of these categories.

Phosphorylation-mimetic Cab45 accumulates in TGN-derived
vesicles

To further analyze the role of the identified Cab45 phospho-
rylation sites, all five sites were mutated to either alanine
(Cab45-5pXA), to generate a phosphorylation-deficient mutant
of Cab45, or glutamic acid, to mimic the phosphorylated protein
(Cab45-5pXE; Fig. 4 A). Stable cell lines expressing these

Hecht et al.
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constructs were generated by retroviral transduction of HeLa
Cab45-KO cells (Crevenna et al., 2016). These cells were tested
for equal Cab45 expression levels by Western blot analysis
(Fig. 4 B). We fixed these cells and analyzed them by immu-
nofluorescence microscopy. Surprisingly, we observed changes
in the localization of the phospho-mimetic mutant Cab45-5pXE
(Fig. 4 C); Cab45-WT and Cab45-5pXA almost completely co-
localized with Golgi-marker peripheral trans-Golgi membrane
protein (p230), whereas Cab45-5pXE showed strong accumu-
lation of vesicular structures in close proximity to the TGN
(Fig. 4 C). The number of Cab45 vesicles per cell in cells ex-
pressing Cab45-WT, Cab-5pXA, and Cab45-5pXE were quanti-
fied from z-stack images (d = 0.35 pm; Fig. 4 D). Overall, cells
expressing Cab45-5pXE showed a significantly higher number
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Figure 4. Phospho-mimicking Cab45 localizes in post-Golgi vesicles. (A) Schemes of WT and phosphomutant Cab45-HA constructs with signal peptide
(SP). Identified phosphorylation sites (serine [S] and threonine [T]) were replaced by alanine (A) or glutamic acid (E). The constructs were stably transduced in
Cab45-KO cells. (B) Western blot shows Cab45 expression levels of stable Cab45-WT and phosphomutant cell lines. B-Actin was used as a loading control.
(C) Steady-state localization of Cab45-WT, Cab45-5pXA, and Cab45-5pXE was analyzed by immunofluorescence microscopy. Stable cell lines were stained
with a-p230 and a-HA antibody (Cab45). Scale bars, 10 um. Higher magnification (insets) show Golgi (scale bars, 1 um). (D) The numbers of Cab45 vesicles (C)
were quantified by analyzing z-stack images (d = 0.35 pm), n > 30 cells. A scatter dot plot represents mean + SD of counted vesicles per cell. Statistical test,
Kruskal-Wallis. (E) The post-Golgi origin of Cab45 vesicles was confirmed by Western blotting after performing a 20°C block in stable cell lines. B-Actin was
used as loading control. ***, P < 0.001.
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of Cab45 vesicles (69 + 30 per cell) than cells expressing Cab45-
WT (10 + 6 vesicles per cell) and Cab45-5pXA (9 + 4 vesicles per
cell). We analyzed the origin of these vesicles by performing a
block at 20°C for 2 h to inhibit protein export from the TGN.
Analyses of the cell culture supernatants with SDS-PAGE and
Western blotting detected Cab45-5pXE but almost no Cab45-
WT or Cab45-5pXA (Fig. 4 E). In addition, we revealed no co-
localization with a Secl6A marker (ER exit sites, Fig. S2 A).
These results suggest that Cab45-5pXE vesicles are post-Golgi
vesicles that have already left the TGN.

In a recent study, we used circular dichroism (CD) spec-
troscopy to examine Cab45, showing it to be rather unstructured
but changing to a more a-helical secondary structure upon ad-
dition of Ca?* (Deng et al., 2018). Adding EDTA reversed this
effect completely. In the present study, we subjected recombi-
nant Cab45-WT, Cab45-5pXA, and Cab45-5pXE to CD spectros-
copy (Fig. S2 B). This showed no difference in secondary
structure between Cab45-WT and the phosphomutants, either in
the untreated protein sample or after adding Ca?* and EDTA.
Also, cargo binding was not changed in Cab45 phosphomutants,
since we additionally performed coimmunoprecipitations to
validate LyzC cargo binding of the Cab45 mutants (Fig. S2, C
and D).

Together, these findings indicated that mimicking Cab45
phosphorylation accelerated export of Cab45 and promoted its
occurrence in TGN-derived vesicles.

Mimicking Cab45 phosphorylation drives client secretion

Next, we investigated whether LyzC export was influenced by
the phosphorylation status of Cab45 by using the RUSH system
in cells expressing Cab45-WT, Cab45-5pXA, or Cab45-5pXE. Fig.
S3 A shows representative images of cells at different time
points after biotin addition. Quantification of the number of
LyzC vesicles (Fig. 5 A) showed a significant reduction in the
number of vesicles per cell, 40 min after biotin addition, in
Cab45-5pXA cells (16 + 11) compared with Cab45-WT (31 + 14)
and Cab45-5pXE cells (39 + 19). The same phenotype was also
observed 60 min after biotin addition (Cab45-WT: 39 + 18
vesicles per cell; Cab45-5pXA: 28 + 14 vesicles per cell; Cab45-
5pXE: 55 + 33 vesicles per cell). Overall, Cab45-5pXE showed
significantly more LyzC vesicles than Cab45-5pXA at 40 and
60 min after biotin addition.

Furthermore, we correlated the number of vesicles with the
actual secreted amount of protein. To this end, we examined
protein secretion from these cells by Western blotting (Fig. 5 B).
Consistent with the results of the RUSH assay, LyzC secretion
quantified by densitometric analysis was lower in Cab45-5pXA
cells (57%) than in cells expressing Cab45-5pXE (150%) and
Cab45-WT (100%; Fig. 5 C).

We continued by performing rescue experiments in Fam20C-
KO cells transfected with LyzC and cotransfected Cab45-WT,
Cab45-5pXA, or Cab45-5pXE, respectively (Fig. 5, D and E). By
doing so, we tested the impact of the phosphomutants on the
secretion of LyzC in the absence of Fam20C and, accordingly,
their ability to compensate for the loss of the kinase. Strikingly,
only Fam20C-KO cells rescued with Cab45-5pXE showed
significantly higher LyzC secretion, which indicates that the

Hecht et al.
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phosphomimetic mutant is capable of compensating the loss of
kinase activity in living cells.

In previous publications, we showed that Cab45-WT was
packed together with LyzC in SM-rich vesicles (Deng et al.,
2018). To address whether Cab45 phosphorylation changes
sorting integrity into SM-rich vesicles, cell lines expressing the
three Cab45 variants were cotransfected with LyzC-mCherry
and EQ-SM-oxGFP and evaluated using time-lapse recordings.
The LyzC vesicles per cell were counted, and colocalization with
EQ-SM-0xGFP was examined (Fig. 5 F). Notably, the highest
number of colocalizing vesicles per cell was monitored in cells
expressing Cab45-5pXE (c, 16 + 9) compared with Cab45-WT (a,
11 + 6) and Cab45-5pXA (b, 8 + 3). Of 104 LyzC vesicles observed
in Cab45-WT cells, 91 were positive for EQ-SM-0xGFP (86% =+
10%). Similar ratios were determined for Cab45-5pXA cells (64
out of 71 vesicles; 91% = 9%) and Cab45-5pXE cells (133 out of 158
vesicles; 84% + 5%).

Using the same experimental setup, we also tested the co-
localization of Cab45 and LyzC in transiently transfected HeLa
cells. As expected, all three Cab45 proteins colocalized with
LyzC-mCherry (Fig. S3 B). Based on these data, phosphorylation
seems to promote secretion in general but does not influence
sorting into correct vesicles.

To ensure that the phosphorylations particularly influence
the sorting of Cab45 clients, two control proteins were tested,
the bulk flow cargo OPN and the lysosomal hydrolase cathepsin
D (CatD). OPN is a secreted protein and also phosphorylated by
Fam20C (Tagliabracci et al., 2012). In contrast, CatD, a non-
secretory (Fig. S4 A), lysosomal cargo (Fig. S4 B), is sorted via
sortilin into clathrin-coated vesicles (Braulke and Bonifacino,
2009) and is therefore not dependent on the SPCA1/Cab45
sorting machinery (Crevenna et al., 2016; Deng et al., 2018). In
summary, no differences in the formation of OPN-SBP-EGFP
vesicles were observed by using the RUSH approach (Fig. 5 G
and Fig. S4 C). Additionally, we verified the unaffected sorting of
CatD in the Cab45 phosphomutant cell lines (Fig. S4, D and E) by
the same method.

These data show that Cab45 phosphorylation modulates the
rate of budding of secretory vesicles containing its specific clients.

Phosphorylation of Cab45 accelerates vesicle budding at
the TGN
Given the finding that Cab45 sorting into SM-rich vesicles ap-
peared not to be affected in the phosphomutant cells, we in-
vestigated the role of SM in this process. SM is synthesized by
two isoforms of SM synthase (SMS) in the luminal leaflets of
Golgi membranes (Barenholz and Thompson, 1980). We there-
fore depleted SMS1 and SMS2 in Cab45-5pXE cells with siRNA
and analyzed z-stack images (d = 0.35 pm) to quantify the
numbers of Cab45-5pXE vesicles stained with a-HA antibody
(Fig. 6 A). We observed a significant decrease in the number of
Cab45-5pXE vesicles in cells treated with siSMS1/2 siRNA (19 +
13 vesicles per cell) compared with cells transfected with control
siRNA (40 + 20 vesicles per cell). From this, we concluded that
SM is important for the TGN export of Cab45-5pXE.

To investigate if the phosphorylation status of Cab45 also
influences the export and formation of SM-containing vesicles,
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Figure 5. Fam20C-dependent Cab45 phosphorylation drives client sorting and secretion. (A) LyzC vesicle formation was quantified from LyzC-RUSH
experiments by analyzing z-stack images (d = 0.35 um). Cell lines were fixed at 0, 20, 40, and 60 min after biotin addition. A scatter dot plot represents the
means + SD of at least three independent experiments (n > 45 cells per condition). Statistical test, Kruskal-Wallis. (B) Western blot analysis of the secretion of
LyzC-Flag in Cab45-WT and phosphomutant cells after 20°C block and 37°C release. B-Actin was used as loading control. (C) Western blots of four
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independent experiments (B) were quantified by densitometry using Image]. The bar graph represents the means (+ SD) of densitometric values of external
LyzC-Flag, normalized to the internal levels in percentage. Statistical test, Kruskal-Wallis. (D) Western blot analysis of the secretion of LyzC-Flag in Fam20C-
KO cells rescued with Cab45 and phosphomutants after 20°C block and 37°C release. B-Actin was used as loading control. (E) Western blots of three
independent experiments (D) were quantified by densitometry using ImageJ. The bar graph represents the means + SD of densitometric values of external
LyzC-Flag, normalized to the internal levels in percentage. Statistical test, ordinary one-way ANOVA. (F) Sorting of LyzC in EQ-SM-vesicles was controlled by
performing live-cell experiments acquiring time-lapse movies. Example micrographs depict the Golgi of Cab45-WT and phosphomutants that expressed LyzC-
mCherry and EQ-SM-0oxGFP. Scale bars, 10 pum; magnification scale bars, 1 pm. Arrowheads indicate secretory vesicles containing both fluorescence proteins.
The means + SD of post-Golgi LyzC vesicles per cell positive for EQ-SM were quantified (n = 8 cells per condition). (G) OPN vesicle formation was quantified
from OPN-RUSH experiments by analyzing z-stack images (d = 0.35 um). Cell lines were fixed at 0, 20, 40, and 50 min after biotin addition. A scatter dot plot
represents the means + SD of at least three independent experiments (n > 28 cells per condition). Statistical test, Kruskal-Wallis. *, P < 0.05; **, P < 0.01; ***,

P < 0.001

we transfected Cab45-WT and the phosphomutant cell lines with
EQ-SM-0xGFP and performed a 20°C incubation block for 1 h
followed by a release at 37°C for 1 h. An analysis of z-stack im-
ages detected significantly more EQ-SM-0xGFP vesicles in the
cells expressing Cab45-5pXE (15 + 5 vesicles per cell) than in
those expressing Cab45-5pXA (10 + 5 vesicles per cell; Fig. 6 B).
We therefore conclude that mimicking the negative charges of
Cab45 phosphorylation results in its increased TGN export.
Next, we analyzed Cab45 vesicular budding using a semi-intact
budding assay. Cab45-WT and phosphomutant cell lines were
permeabilized with digitonin and incubated with an ATP re-
generation system at 32°C to generate TGN-derived vesicles
(Wakana et al., 2012; Deng et al., 2018). Vesicular fractions were
collected by ultracentrifugation and analyzed by SDS-PAGE and
Western blotting (Fig. 6 C). Beforehand, we validated budding of
endogenous and overexpressed Cab45 in dependency of ATP and
rat liver cytosol (Fig. S5 A). Similar to what was published in
Deng et al. (2018), we could not promote budding of Cab45 with
rat liver cytosol. Therefore, we performed our budding assays in
the absence of rat liver cytosol.

Consistent with the results demonstrated in Fig. 4, C-E, we
detected significantly more Cab45 in the vesicular fraction of
cells expressing Cab45-5pXE than in cells expressing Cab45-
5pXA (Fig. 6, C and D). Western blots against calnexin (CNX)
were used as a control to show that samples were not contam-
inated with whole-cell lysate.

We followed the dependence of the Cab45 TGN export on
the Fam20C activity (Fig. 6 E). Fam20C-KO cells that stably
reexpressed Fam20C-WT or Fam20C-D478A were transfected
with the RUSH construct SBP-tagRFP-Cab45 and fixed at
specific time points. In the absence of biotin, Cab45 localized
in the ER, whereas at 0-30 min after biotin addition, it was
simultaneously transported to the Golgi in both cell lines (Fig.
S5 B). When Cab45 was packaged into TGN-derived vesicles,
at 40 min after biotin addition, there were significantly more
Cab45 vesicles detectable in the cells reexpressing Fam20C-
WT (26 = 15 vesicles per cell) than in those expressing the
kinase-dead variant (15 + 9 vesicles per cell). In line with the
LyzC-RUSH (Fig. S1 C), we performed costainings to exclude
colocalization of Cab45 vesicles with endosomal/lysosomal
compartments (Fig. S5 C).

Finally, we analyzed the vesicle budding of endogenous
Cab45 (Fig. 6 F). Fam20C-KO cell lines were transfected with
Fam20C-WT or Fam20C-D478A constructs, permeabilized, and
incubated with an ATP regeneration system at 32°C. Consistent

Hecht et al.
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with the results of the Cab45-RUSH assay, this showed a sig-
nificantly higher amount of endogenous Cab45 in the vesicular
fraction of the cells transfected with Fam20C-WT compared
with the cells transfected with Fam20C-D478A (Fig. 6 G). It was
possible to detect both Fam20C variants (WT and D478) in the
same vesicular fraction, but not CNX.

Mutations of Cab45 phosphosites influence

Cab45 oligomerization

Cab45 oligomerizes in a Ca?*-dependent manner in vitro
(Crevenna et al., 2016; Deng et al., 2018). To test the impact of
phosphorylation on oligomerization, we investigated oligomer-
ization behavior of the phosphomutant proteins using a confocal
microscopy-based oligomerization assay (Fig. 7 A). For visuali-
zation, we purified GFP-Cab45-WT and GFP-phosphomutants.
Whereas in the absence of Ca?*, no Cab45 oligomers were ob-
served (Fig. 7 A), we clearly could detect oligomer formation of
all recombinant Cab45-variants after incubation with 2 mM
Ca?*. This effect was reversible by adding 2 mM EDTA.

Furthermore, we subdivided the observed particles into four
groups: very small (3-5 pixel units), small (5-11 pixel units),
medium (11-20 pixel units), and large oligomers (>20 pixel
units; Fig. 7 B). Interestingly, very small oligomers were mainly
formed by Cab45-WT and Cab45-5pXE (47% and 57% of all an-
alyzed oligomers), whereas the major fraction of Cab45-5pXA
had a pixel size of 5-11 units (37%). In general, among larger
particles (>11 pixel units), Cab45-5pXA oligomers showed the
highest proportion.

In addition, we determined the intensities of counted oligomers
by measuring the pixel with the highest intensity within each
particle. On average, we could detect significant higher inten-
sity levels in oligomers formed by Cab45-5pXA, followed by
Cab45-WT and Cab45-5pXE (Fig. 7 C). The same datasets were
also used to display the distribution of oligomers according to
their intensity values (Fig. 7 D). Strikingly, the highest number
of oligomers of Cab45-WT (55%) and Cab45-5pXE (76%) showed
low intensity (maximum <500 a.u.); in contrast, most Cab45-
5pXA oligomers (38%) reached maximum intensity values be-
tween 500 and 1,000 a.u. Also among higher intensity levels
(maximum >1,000 a.u.), oligomers formed by Cab45-5pXA
made up the greatest fraction.

Overall, our data suggest that upon incubation with 2 mM of
Ca?*, the Cab45-5pXA mutant forms mainly larger oligomeric
structures with higher intensities compared with oligomers
formed by Cab45-WT and Cab45-5pXE. These findings indicate a
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Figure 6. Mimicking Cab45 phosphorylation results in accelerated TGN export. (A) Representative immunofluorescence pictures of cells that stably
expressed Cab45-5pXE, treated with control or SMS1/2 siRNA. Cells were stained against Cab45 (a-HA), and numbers of vesicles were quantified from z-stack
images (d = 0.35 um). Arrowheads indicate post-Golgi vesicles. Scale bars, 10 pm. Box and whiskers blot represents means with minimum to maximum values
of at least three independent experiments (n > 57 cells per condition). Statistical test, Mann-Whitney. (B) Example micrographs of Cab45-WT and phos-
phomutant cell lines transfected with EQ-SM-oxGFP, after 20°C block and 37°C release. EQ-SM-oxGFP vesicles were quantified from z-stack images (d = 0.35
um). Scale bars, 10 um. A scatter dot plot represents means + SD of at least three independent experiments (n > 37 cells per condition). Statistical test,
Kruskal-Wallis. (C) Vesicular budding assay of Cab45 phosphomutants. TGN vesicle budding was initiated by an ATP regeneration system. Released vesicles
were analyzed by Western blotting for Cab45 and CNX. (D) Western blots of three independent experiments (C) were quantified by densitometry with
Image). The bar graph represents the means + SD of densitometric values of vesicular Cab45 in percentage. Statistical test, Kruskal-Wallis. (E) Cab45 vesicle
formation was quantified from Cab45-RUSH experiments by analyzing z-stack images (d = 0.35 um). Fam20C-KO cells expressing Fam20C-WT or Fam20C-
D478A were fixed at 0, 30, 40, and 50 min after biotin addition. A scatter dot plot represents the means + SD of at least three independent experiments (n > 35
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cells per condition). Statistical test, Kruskal-Wallis. (F) Vesicular budding assay of endogenous Cab45. TGN vesicle budding was initiated by an ATP regen-
eration system in Fam20C-KO cells, which were transfected with Fam20C-WT and D478. Released vesicles were analyzed by Western blotting for Cab45,
Fam20C (HA), and CNX. (G) Western blots of four independent experiments (F) were quantified by densitometry with Image). The bar graph represents the
means + SD of densitometric values of vesicular Cab45 in percentage. Statistical test, Welch’s unpaired t test. *, P < 0.05; **, P < 0.03; ***, P < 0.001.

potential oligomerization-prone behavior of the phosphorylation-
deficient mutant.

Discussion

In this study, we demonstrate that Fam20C has a significant
impact on protein sorting and secretion, specifically of Cab45
clients (Crevenna et al., 2016; Deng et al., 2018), by phosphor-
ylating the sorting protein Cab45 on five distinct residues (S99,
T131, S142, T193, and S349). Phosphorylation of Cab45 facilitates
its exit from the TGN by reducing the size of the Cab45
oligomers, whereas Ca?*-binding seems to be unaffected. Hence,
phosphorylation of Cab45 enhances the sorting and secretion of
its client LyzC, without impairing the cargo binding. For the first
time, we propose a sorting event of soluble secreted proteins,
mediated by a TGN luminal protein complex, which is regulated
by phosphorylation.

Cab45 is a Ca2*-binding protein with six EF-hand domains
that localizes in the lumen of the Golgi apparatus (Blank and von
Blume, 2017; von Blume and Hausser, 2019; von Blume et al.,
2012; Crevenna et al., 2016; Pakdel and von Blume, 2018). In the
presence of Ca2* that has been locally pumped into the TGN by
the Ca?* ATPase SPCAIl, Cab45 oligomerizes and sorts cargos
(von Blume et al., 2012; Kienzle et al., 2014; Crevenna et al.,
2016). This oligomerization process is required for packaging
Cab45 clients into SM-rich transport vesicles at the TGN (Deng
et al,, 2018).

In search of other regulatory factors that contribute to the
sorting of clients, we detected phosphorylation of Cab45 via
Golgi kinase Fam20C. By mimicking the negative charges of the
phosphorylation, Cab45-5pXE translocated in accumulated
vesicles around the Golgi. A similar vesicular phenotype was
observed before for Cab45-6EQ, a Ca**-binding-deficient mutant
of Cab45, that is no longer able to form large oligomeric struc-
tures. Cab45-6EQ is highly secreted and was shown to mis-sort
LyzC (von Blume et al., 2012; Crevenna et al., 2016, Deng et al.,
2018). In contrast, we demonstrate the correct sorting of LyzC
into SM-rich vesicles in cells expressing the phosphomu-
tants Cab45-5pXA (phosphorylation-deficient) or Cab45-5pXE
(Fig. 5 F). Strikingly, in vitro analyses of these phosphomutant
proteins uncovered that preventing its phosphorylation results
in an increased oligomerization potential of Cab45 (Fig. 7). Since
none of the predicted phosphorylation sites target EF-hand do-
mains, we presume that Ca?* binding is not disturbed upon
Cab45 phosphorylation. Additionally, CD data presented in Fig.
S2 B support this hypothesis, as protein folding and therefore
the overall ability to bind Ca?* does not seem to be affected.
Noteworthy, the recombinant WT protein behaves in a similar
way as the phospho-mimicking mutant Cab45-5pXE in the
oligomerization assay, which might indicate that the protein
purified from HEK293 cells also has phosphorylated sites. This

Hecht et al.
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behavior is also supported by experiments performed in cells
(Fig. 5, A-C; and Fig. 6 B) where significant differences are more
dominant between Cab45-5pXE and Cab45-5pXA, whereas the
Cab45-WT phenotype is more similar to the Cab45-5pXE phe-
notype. In contrast, preventing phosphorylation of Cab45-WT
by using transfected Fam20C-KO cells phenocopies the secre-
tion phenotype of Cab45-5pXA (Fig. 5, D and E). This observa-
tion supports the idea that Cab45 is already phosphorylated
under physiological conditions in the Golgi.

Is the localization of Cab45 also influenced by its
oligomerization potential?

The oligomerization of Cab45 is a Ca?*-dependent process and
can be dissolved upon the incubation of recombinant protein
with Ca?* chelators like EGTA (Crevenna et al., 2016). Interest-
ingly, endogenous Golgi-localized Cab45 was secreted in higher
amounts when cells were treated with the Ca?* ionophore
A23187 (von Blume et al., 2012), indicating the requirement of
Ca?* for its retention in the TGN. Similar behavior was also
suggested earlier for ER-located Ca?*-binding proteins (e.g., re-
ticuloplasmins) that are released from the ER when cells are
treated with Ca®* ionophores (Booth and Koch, 1989). The au-
thors further suggest that perturbation of Ca%* directly influ-
ences the retention of the proteins. So far, Cab45 was thought to
reside in the Golgi (Scherer et al., 1996); however, not much is
known about the retention mechanisms of Golgi-resident pro-
teins, especially of soluble proteins. Nucleobindin 1, another
soluble protein, has (similar to Cab45) two EF-hand domains and
localizes mostly in the cis-Golgi before it is partly secreted
(Miura et al., 1994; Lin et al., 1998, 1999). Interestingly, Nucle-
obindin 1 is a known Fam20C substrate (Tagliabracci et al.,
2015), but how the protein regulates its localization and if it is
able to oligomerize is not established. Since our data show that
Cab45 localizes in the TGN but also goes together with its clients
into SM-rich vesicles (Deng et al., 2018), we assume that the
release of Cab45 into secretory vesicles is essential for the
sorting. We therefore state that phosphorylation of Cab45 fine-
tunes the size of the oligomers, which drives the export of the
protein from the TGN in the following way (Fig. 8). Upon Ca2*
influx into the TGN by SPCAIl, Cab45 oligomerizes, binds se-
cretory clients, and segregates them away from the bulk of
proteins (A). As a consequence, Cab45 forms large oligomeric
structures, which are too big to be packaged into secretory
vesicles and so are retained together with the clients in the TGN
(B). This size according retention was hypothesized earlier
for Golgi-resident transmembrane proteins that aggregate and
so are excluded from transport vesicles (Nilsson et al., 1993). As
a way to actively regulate the secretion of cargo molecules,
we propose that Fam20C phosphorylates Cab45, which causes
disassembly of the Cab45 multimers (C). This was also investi-
gated for other proteins, such as Sae2, a protein involved in
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Figure 7. Mutations of Cab45 phosphosites influence Cab45 oligomerization. (A) In vitro oligomerization assay analyzed by confocal microscopy.
Representative fluorescence pictures (black and white conversion) of recombinant GFP-Cab45WT and phosphomutants incubated without (w/o) Ca?*, together
with 2 mM Ca?* or after additional treatment with 2 mM EDTA. Scale bars, 10 pm. Insets display higher magnification of recombinant proteins treated with
2 mM Ca?* in original colors (scale bars, 1 um). (B) Distribution of Cab45 oligomers (2 mM Ca2*) according to their particle size in percentage. Insets show
examples of oligomers with pixel units of 3-5, 5-11, 11-20, and >20. Data were collected from two independent experiments (n > 268 oligomers per condition)
using Image). (C) Average intensity values of oligomers formed by Cab45-WT and phosphomutants, incubated with 2 mM Ca?*. For analysis, individual
background intensities were subtracted, and the pixel with the highest intensity value within the oligomer was measured using Image). Data were collected
from two independent experiments (n > 124 oligomers per condition). Statistical test, Kruskal-Wallis. (D) Distribution of Cab45 oligomers according to their
intensity values in percentage. Oligomers analyzed in C were grouped based on their intensities (<500 a.u., 500-1,000 a.u., 1,000-1,500 a.u., 1,500-2,000 a.u.,
and >2,000 a.u.). ***, P < 0.001.

double-strand break repair (Fu et al., 2014). Sae2 disassembles
into active monomers in a stepwise manner upon phosphoryl-
ation, which in addition enhances Sae2’s solubility. Similarly,
phosphorylation of the heat shock protein aB-crystallin reduces
the size of oligomers (Ito et al., 2001). We furthermore assume
that oligomer dissociation decreases the retention of Cab45
within the TGN. In support of this idea, we found more
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phosphorylation-mimicking Cab45 in vesicular fractions by
performing semi-intact budding and RUSH assays (Fig. 6, C-G).
Consequently, cargo that is bound to Cab45 is packed along
with disassembled multimers into SM-rich vesicles for further
transport. In this regard, secretion of LyzC was significantly
reduced in Fam20C-KO cells (Fig. 1, B and C), even though LyzC
itself is not phosphorylated by Fam20C (Fig. 3 B; and Fig. 5, D
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and E). Defects in LyzC secretion are phenocopied in Cab45-KO
cells (Crevenna et al., 2016), further emphasizing the impor-
tance of Fam20C in Cab45-mediated cargo sorting. Since
phosphorylation and dissociation of oligomers are occurring
close to “TGN exit sites” (Fig. 2 C), this would in addition ex-
plain why Fam20C and Cab45 bud together in the same SM-rich
vesicles. Overall, this process enables Fam20C to regulate the
exact time point of cargo release by modifying Cab45, but it
could also trigger its own secretion.

However, internal or external stimuli that are necessary to
initiate Cab45 phosphorylation and control this process require
further investigations. It is noteworthy that SPCA1 pumps Mn?*
along with Ca?* into the Golgi, and Mn?* was shown to be a
crucial cofactor for Fam20C activity (Tagliabracci et al., 2012).
This fact might explain how both processes, Ca?*-binding and
phosphorylation, are coordinated on time. Another question that
has to be addressed is how the budding of SM-rich vesicles is
regulated. Similar to Cab45, glycophosphatidylinositol-anchored
proteins do not contain cytosolic tails to interact with coat
components (Mayor and Riezman, 2004). In HeLa cells, these
proteins are also sorted into SM-rich vesicles at the TGN (Deng
et al, 2016). It is assumed that upon oligomerization of
glycophosphatidylinositol-anchored proteins, tightly packed
lipid platforms are combined that facilitate its sorting to the
apical plasma membrane (Paladino et al., 2004). Potentially,
Cab45 binds to transmembrane proteins or lipid components,
whereas oligomerization creates similarly “SM-rich sorting do-
mains.” The Cab45-client complex might in addition have
curvature-active properties analogous to the endocytosis of
toxins such as Shiga toxin, which favors and stabilizes vesicle
formation (Cummings et al., 1998; Johannes and Rémer, 2010;
Pezeshkian et al., 2017; Romer et al., 2007). Subsequently, the
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dissociation of large oligomeric complexes upon Cab45 phos-
phorylation might promote its internalization into SM-rich
vesicles. However, further investigations are necessary to eluci-
date this. So far, no interaction between Cab45 and transmem-
brane proteins or lipids has been described. From our semi-intact
budding assays, we assume that budding may not require a cy-
tosolic coat, such as clathrin.

In summary, we were able to demonstrate that phosphoryl-
ation of Cab45 by Fam20C regulates Cab45 retention within the
TGN by changing its oligomerization potential and thus en-
hances secretion of Cab45 clients. As phosphorylation is a fast
and controllable modification, the predicted mechanism not only
contributes to the overall sorting capacity of the cell but also
allows cells to dynamically adjust secretion to environmental
changes. These results provide unique mechanistic insight into
how secreted proteins are exported from the TGN, which is
essential for the understanding of cellular homeostasis and
communication.

Materials and methods

Cloning and constructs

All clonings were conducted using Phusion High-Fidelity Poly-
merase and T4 ligase (Thermo Fisher Scientific) according to the
manufacturer’s advice. Sequences of all plasmids were verified
using the SmartSeq Kit from Eurofins Genomics or KECK se-
quencing (Yale University). All restriction enzymes were pur-
chased from NEB and also used as recommended.

The cloning of the pLPCX-Cab45 constructs was previously
described (Crevenna et al., 2016). Using site-directed mutagen-
esis, point mutations were introduced to generate missense
mutations substituting five phosphorylation sites (S99, T131,
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S142, T193, and S349) of Cab45 to alanine (A) or glutamic acid
(E). The resulting constructs were named pLPCX-Cab45-5pXA
(for alanine substitutions) and pLPCX-Cab45-5pXE (for glutamic
acid substitutions). All three constructs contained a C-terminal
HA tag.

For protein purification from mammalian HEK293 cells,
Cab45-WT, Cab45-5pXA, and Cab45-5pXE were inserted into the
piggyBac system as described previously (Li et al., 2013). The
used piggyBac backbone vector (PB-T-PAF) and also PB-RN and
PBase were a gift of James Rini, University of Toronto, Ontario,
Canada (Li et al., 2013).

To generate a PB-T-PAF-His-SUMO-Cab45 construct, Gibson
assembly with two fragments was used. The first fragment
containing a SS-His-SUMO tag was amplified from the pI-sec-
SUMOstar-Cab45 construct as described previously (Crevenna
et al.,, 2016). The second fragment containing Cab45 or the
phosphorylation mutants was amplified from the corresponding
PLPCX constructs described above. The PB-T-PAF vector was
linearized with Nhel and NotI-HF restriction enzymes.

PB-T-PAF-GFP-Cab45 variants were cloned in a similar way.
PB-T-PAF was linearized with Nhel and NotI-HF restriction
enzymes. Insert was integrated using three-fragment Gibson
Assembly. Fragment 1 (SS-His-tag) and fragment 3 (Cab45-WT/
variants) were amplified from PB-T-PAF-His-SUMO-Cab45 con-
structs above. Superfolder GFP (fragment 2) was amplified from
sfGFP-N1 (Addgene; #54737). All fragments contained proper
overlaps for Gibson Assembly approach.

For live-cell microscopy, pLPCX-Cab45 constructs were fused
with EGFP. The cloning strategy of the EGFP-Cab45 construct
was described before (Deng et al., 2018). For a one-fragment
Gibson assembly, this vector was linearized with EcoRI-HF
and NotI-HF. The Cab45 5pXA or 5pXE inserts were amplified
with suitable overhangs from the corresponding pLPCX con-
structs described above.

Full-length Fam20C was amplified from a pCMV-Sports6
vector obtained from Vincent Tagliabracci’s laboratory (UT
Southwestern Medical Center, Dallas, TX) by PCR. This fragment
was inserted with EcoRI/BglII restrictions sites into the pLPCX
empty vector (Addgene). To generate an inactive kinase as a
control, D478 was mutated to alanine by site-directed muta-
genesis. For easy Western blot, an HA tag was attached at the
C-terminus of Fam20C.

Cloning of pLPCX-LyzC-mCherry was previously described
(Deng et al., 2018). For the mCherry-Fam20C fusion construct,
three-fragment Gibson assembly was used. Fragment 1 (forward
and reverse sequence) includes the signal peptide with over-
hangs to pLPCX vector and mCherry (fragment 2) and was
directly ordered from IDT. mCherry was amplified from pLPCX-
LyzC-mCherry (see above). Fam20C (fragment 3) was amplified
from the full-length pLPCX plasmid described above. For this
purpose, the backbone was linearized with the restriction en-
zymes BamHI-HF and NotI-HF.

The pIRESneo3-Str-SBP-EGFP vector was a gift from Franck
Perez, Institut Curie Centre de Recherche, Paris, France (Addgene;
plasmid #65264). The other RUSH constructs pIRESneo3-Str-
KDEL-SBP-EGFP-CatD and pIRESneo3_Str-LyzC-KDEL-SBP-EGFP
were published previously (Deng et al, 2018). Cab45 RUSH
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construct pIRESneo3-Str-SBP-tagRFP-Cab45 was generated via
two-fragment Gibson approach. Creating overlapping parts,
Fragment 1 (SS-SBP) was amplified from CatD-RUSH construct
(see Deng et al., 2018); tagRFP-Cab45 (fragment 2) was amplified
from pLPCX-SP-tagRFP-Cab45 (not published). For this construct,
tag-RFP was amplified from pCAG-tagRFP-NLS-HA-Bxbl (Add-
gene; plasmid #65625). Fragments were reinserted into CatD-
RUSH vector linearized with Ascl and Xhol. The osteopontin
(OPN) RUSH construct pIRESneo3-Str-OPN-SBP-EGFP was cloned
via one-fragment Gibson assembly approach. OPN-V5 was am-
plified from cDNA4-OPN-V5 (a gift from Vincent Tagliabracci, UT
Southwestern Medical Center, Dallas, TX) and inserted into pIR-
ESneo3-Str-SBP-EGFP that was linearized with Ascl and Xhol.

The pcDNA3.1_Flag-LyzC plasmid was a gift from V. Malhotra
(Center of Genomic Regulation, Barcelona, Spain; von Blume
et al., 2012).

The plasmids Eq-SM-oxGFP and Eq-sol-oxGFP were are gift
from C. Burd (Yale University, New Haven, CT).

Cell culture and stable transfection
All cell lines were maintained in DMEM supplemented with 10%
FCS (Gibco) and Penicillin/Streptomycin (P/S) at 37°C and 5%
CO,. To create stable expressing HeLa cell lines, plasmids of
Cab45-WT, Cab45-5pXA, Cab45-5pXE, Fam20C-WT, and Fam20C-
KD were introduced via VSV-G pseudotyped retroviral vectors as
described previously (Crevenna et al., 2016).
Doxycycline-inducible stable HEK293 cell lines for protein
expression were generated using the transposon-based piggyBac
system (Li et al., 2013). Therefore, HEK293 cells were trans-
fected with PB-T-PAF (gene of interest introduced), PB-RN, and
PBase (total DNA 1.5 ug; ratio 8:1:1) using polyethylenimine (PE[;
Alfa Aesar). Cell culture medium was removed the next day. 48 h
after transfection, selection of cells was performed in supple-
mented DMEM containing 10 pg/ml puromycin dihydrochloride
(Sigma-Aldrich) and 500 pg/ml G 418 disulfate salt (Sigma-
Aldrich).

Transient transfection and siRNA knockdown

Cells were transiently transfected with 1.25 mg/ml PEI (Alfa
Aesar) or Lipofectamine LTX PLUS (Thermo Fisher Scientific)
following manufacturer protocols.

For siRNA knockdown, the following oligos were used, as
well as scrambled negative control from Invitrogen: SMS1, 5'-
GACGGCAGCUUCAGCAUCAAGAUUA-3’; SMS2: 5'-UCAAUA
GUGGGACGCAGAUUCUGUU-3'".

20 nM siRNA was added to 100 pl Opti-MEM reduced serum
medium (Gibco by Life Technologies) together with 12 pl Hi-
PerFect Transfection Reagent (Qiagen). The siRNA transfection
mix was incubated at room temperature for 15 min and added
dropwise to the seeded cells. Transfection was performed
24-48 h before further analysis.

CRISPR/Cas9 KO cell lines

HeLa Fam20C KO cells were generated using the CRISPR/Cas9
technique. Fam20C was targeted downstream of the signal se-
quence with gRNA next to the Cas9 recognition site protospacer
adjacent motif (PAM). 20 nt gRNA oligos targeting Fam20C
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(DMP4) were designed using www.genome-engineering.org/
crispr (Ran et al., 2013).

Fam20C-gRNA sequence: 5'-GGGCGATGTGCAGCGCGCAG-3'
gRNA sequences were synthesized by Metabion. Oligos (forward
and reverse sequence) were cloned into mammalian expression
vector pX459 (Addgene; plasmid #62988) using Bbsl cutting
sites. HeLa parental cells were transfected using PEI as described
above. 24 h after transfection, cells were selected in 2 pg/ml
puromycin for 48 h. Single clones were isolated, expanded, and
checked for deletion by sequencing with following sequencing
primers: forward, 5'-CACCGATGGACCTTGACCC-3'; reverse, 5'-
AGTGGGACGAGAGGTTGGAG-3'.

In addition, KO was checked using MS analysis. Golgi frac-
tions of HeLa WT and Fam20C-KO cells were isolated as
described previously (Crevenna et al., 2016) and separated via
SDS-PAGE. Samples from gel lanes were digested with trypsin
by an in-gel digestion protocol, and peptides were extracted and
purified via C18 StageTips. Peptides were analyzed in a Q Ex-
active HF machine using data dependent acquisition scheme
using Higher Energy Collisional Dissocation (HCD) fragmenta-
tion. Raw data were processed using the Maxquant computa-
tional platform, and the peak lists were searched against human
reference proteome database from UniProt. All identifications
were filtered at 1% false discovery rate (FDR) and label-free
quantification.

Protein expression and purification of His-Sumo-Cab45
variants

Doxycycline-inducible HEK293-Cab45 cells were grown in pl5
culture dishes until they reached full confluence. Cells were
carefully washed three times with DPBS (Gibco) before starting
protein expression. Therefore, cells were incubated for 20 h
with DMEM supplemented with 1 pg/ml doxycycline mono-
hydrate (LKT Laboratories) and 1 pg/ml Aprotinin (Sigma-
Aldrich). Cell culture supernatant was collected, centrifuged
(5 min; 1,000 rpm, 4°C) to remove dead cells, and filtered via
0.2-pm syringe filters. His-SUMO/GFP-Cab45 variants were
purified using nickel-based affinity chromatography as de-
scribed previously (Crevenna et al., 2016). Protein was stored at
-80°C with 10% vol/vol after snap freezing in liquid nitrogen.
His-Cofilin-S3E was purified as described previously (Kienzle
et al., 2014).

Antisera

The antisera used were rat monoclonal anti-HA (Roche; catalog
#11867423001), rabbit monoclonal anti-KIAA0310 (Thermo Fisher
Scientific; catalog #A300-648A-M), mouse monoclonal anti-cis-
Golgi matrix protein 130 (BD Biosciences; catalog #610823), mouse
monoclonal anti-CNX (Sigma-Aldrich; catalog #C7617), mouse
monoclonal anti-p230 (BD Biosciences; catalog #611281), sheep
polyclonal anti-TGN46 (AbD Serotec; catalog #AHP500G), mouse
monoclonal anti-B-actin (Sigma-Aldrich; catalog #A5441), mouse
monoclonal ANTI-FLAG M2-peroxidase (HRP; Sigma-Aldrich;
catalog #A8592), mouse monoclonal anti-EEAI antibody (BD Bio-
sciences; catalog #610457), rabbit polyclonal anti-Rabll antibody
(gift from the De Camilli laboratory, Yale School of Medicine, New

Hecht et al.
Fam20C regulates protein secretion

Haven, CT, self-made), rabbit monoclonal anti-Lampl antibody
(Cell Signaling; catalog #9091S), and mouse monoclonal anti-CatD
antibody (BD Biosciences; catalog #610801).

Secondary antibodies were purchased from Thermo Fisher
Scientific (catalog numbers A-11034, A-11029, A-21209, A-21208,
A-21203, 32260, 31470, and 32230).

Anti-Cab45 antibody was generated by the animal facility
(immunization service) of the Max Planck Institute of Bio-
chemistry as described previously (Crevenna et al., 2016). Full-
length recombinant Cab45 (His-Sumo tagged) was used for
rabbit immunization.

Protein detection by immunoblotting, Coomassie staining,

and immunofluorescence

For detection of intracellular proteins, cells were washed three
times with PBS and lysed with 1% TritonX-100 in PBS. Secreted
proteins in supernatants were concentrated using Centrifugal
Filters (Amicon Ultra). Proteins were separated according to size
via SDS-PAGE.

For Coomassie staining, SDS gel was rinsed with PBS and
prefixed in 40% vol/vol MeOH, 10% vol/vol acetic acid (HOAc)
for 10 min. Gel was incubated in 40% vol/vol MeOH, 10% vol/vol
HOAc with 0.1% weight/vol Coomassie Brilliant Blue R over-
night and destained using 40% vol/vol MeOH, 10% vol/vol HOAc
until single bands were visible. For storage, gel was put in 7%
HOACc at 4°C.

For immunoblotting, proteins were transferred to nitrocel-
lulose membranes using a wet blot system (Bio-Rad). Mem-
branes were incubated in 5% BSA in TBS for at least 1 h and
incubated with specific primary and corresponding secondary
HRP-coupled antibody with additional washing steps with TBS-
Tween (0.1%) in between. Proteins were detected via chemilu-
minescence (Thermo Fisher Scientific), acquired with ChemiDoc
Imaging System (Bio-Rad).

For immunostaining, cells were cultured in six wells on glass
slides and fixed for 10 min with 4% paraformaldehyde. After
washing with PBS, cells were permeabilized for 5 min in 0.2%
Triton-X 100 and 0.5% SDS in 4% BSA or saponin for at least
30 min. After washing with PBS, cells permeabilized with
Triton-X 100 were blocked with 4% BSA for 1 h. Cells were in-
cubated with primary followed by corresponding secondary
antibody for 1 h at room temperature in blocking buffer in the
dark. Slides were washed three times with PBS after incubation
with antibody. Glass slides were mounted with ProLong Gold
(Thermo Fisher Scientific). Acquisition was done using confocal
laser-scanning microscope (Carl Zeiss; 40x, LSM 780, software
ZEN 2010). If contrast was changed for better visualization of
e.g., vesicles, this was done equally for all conditions.

Pearson’s correlation
Pearson’s correlation was performed using Image] 1.52c.

Secretion assay after 20°C block

For the secretion assay, cells were washed three times with PBS
and incubated for 2 h at 20°C in DMEM supplemented with
100 pg/ml cycloheximide. Supernatant of control cells was taken
directly after 20°C incubation to check basal secretion during
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block and concentrated for 5 min at 16,000 xg at 4°C in Centrifugal
Filters (Amicon Ultra; Ultracel 10K); cells were lysed with 1%
TritonX-100 in PBS. Experimental cells were shifted to 37°C and
incubated for 1 h to start protein release from the Golgi. Super-
natants were taken and concentrated like before. Cells were lysed
as well. Protein secretion was checked by Western blot analysis as
described above. Protein levels (densitometry) were quantified
from at least three independent experiments using Fiji 1.0 soft-
ware. Supernatant signals were normalized to corresponding
protein signals in cell lysates. Actin signals were used as loading
controls. Values of controls (20°C block only) were subtracted
from values of cells passed through 37°C release. Final values were
normalized to WT cells (100%) and plotted as a bar graph.

RUSH cargo sorting assay using confocal microscopy

RUSH assay was performed as described previously (Deng et al.,
2018). Different cells lines were cultured in six wells on glass
slides and transfected with RUSH constructs. 16 h after trans-
fection, cells were incubated with 40 pM d-Biotin (SUPELCO) in
DMEM for different time points (20, 30, 40, 50, and 60 min or
without d-Biotin (control). Cells were washed once with PBS,
fixed in 4% PFA in PBS for 10 min, and mounted on coverslips
using ProLong Gold (Thermo Fisher Scientific). If required,
costaining was done (see above). Acquisition of either GFP or
RFP was done at 20°C using a confocal laser-scanning micro-
scope (Carl Zeiss; LSM 780 or LSM 880; 40x/1.4, 63x/1.4, 100x/
1.46 NA Plan-Apochromat oil objectives, software ZEN 2010) by
imaging z-stacks with a step size of 0.35 um.

For quantification of vesicles, we empirically measured the
sizes of objects between 4 and 20 pixels using the Analyze Par-
ticles function in Image], which detects vesicular structures but
omits larger structures such as the Golgi. While small-fragmented
and isolated Golgi structures could be detected in error, such
structures are rare. Furthermore, only vesicles of cells expressing
the RUSH construct were counted. The Fiji macro count_fix-
ed_vesicles_V1.3 (M. Pakdel) including the Particle Analyzer plug-
in by Fiji was used to determine the number of vesicles.

Golgi vesicle budding assays
Microscopy budding assay
Live-cell experiments were done as described previously (Deng
et al., 2018) at 37°C. HeLa cells were seeded in live cell p-dishes
and transfected with Fam20C-mCherry and EGFP-Cab45/Eq-
SM-0xGFP/Eq-Sol-0xGFP. Stable HeLa Cab45 WT/mutant cells
were transfected with LyzC-mCherry and Eq-SM-oxGFP. Me-
dium was exchanged to live-cell imaging solution (Molecular
Probes) supplemented with 10 mM glucose. Imaging was done
by live-cell wide-field microscopy. Dual-channel acquisition for
EGFP and mCherry was performed at 1-s intervals for 100
frames on a GE Healthcare DeltaVision Elite system based on an
OLYMPUS IX-71 inverted microscope, an OLYMPUS 60x/1.42
PLAPON oil objective and a PCO sCMOS 5.5 camera. For de-
convolution software softWoRx v.6.0 was used. Budding events
and colocalizaton were scored manually from time-lapse series
choosing one image out of frame (Image]).

The time-lapse movies were analyzed by identifying budding
events from the Golgi. Fam20C budding events were scored
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whether they are EGFP-Cab45, Eq-SM-0xGFP, or Eq-Sol-oxGFP
positive. For LyzC budding, presence of Eq-SM-0xGFP in Cab45-
WT and mutant cells was checked.

The ratios of Cab45 budding with or without EQ-SM were
calculated to total budding events. The mean and +SD of the
ratios were plotted as a bar graph.

Budding assay in semi-intact cells

Cells were incubated for 2 h at 20°C with DMEM, supplemented
with FCS, Penicillin/Streptomycin, and 100 pg/ml cyclo-
hexamide. Cells were washed 1x with PBS and trypsinized. Cells
were counted, same amount of cells per condition was washed
2x with buffer A (20 mM Hepes, 250 mM D-sorbitol, 150 mM
potassium acetate). Cells were permeabilized for 5 min with
40 pg/ml digitonin on ice and washed three times with buffer A.
Cells were divided (control and experimental condition). Control
cells were incubated for 45 min at 4°C in buffer A. Experimental
cells were incubated for 45 min at 32°C with an ATP regenerating
system (1 mM ATP, 40 mM creatine phosphate, 0.2 mg/ml cre-
atine phosphokinase and 0.1 mM GTP). The reactions were
centrifuged for 10 min at 10,000 g, supernatant was collected
and centrifuged for 100,000 g for 1 h. Vesicular fraction (pellet)
was dissolved in SDS-loading buffer and analyzed by Western
blotting. Protein levels (densitometry) were quantified from at
least three independent experiments using Fiji 1.0 software.
Values of controls (4°C incubation) were subtracted from values
of cells incubated with ATP regeneration system at 32°C. Final
values were normalized to WT cells (100%) and plotted as a
bar graph.

CD spectroscopy

CD spectroscopy measurements were performed in a 1-mm
(path length) cuvette at 10°C on a JASCO J-715 spectrometer.
Protein samples (0.2 mg/ml) were dissolved in CD buffer
(20 mM Tris, pH 6.8, and 500 mM NaCl), and the indicated
amounts of Ca%* were added before spectra were recorded. An
average of three (+ Ca®* analysis) independent spectra (from 195
to 250 nm with 0.1-nm spacing) were documented. Data were
normalized to molecular ellipticity of protein, and a fast Fourier
transform (FFT) filter was applied.

LyzC immunoprecipitation

Recombinant His-SUMO-Cab45 variants (purified as described
above) and controls (His-Cofilin-S3E) were incubated with Ni2*-
agarose beads (Thermo Fisher Scientific; catalog #25214) for 2 h
at 4°C on turning wheel, in immunoprecipitation buffer (50 mM
Tris, 100 mM NaCl, and 0.1% TritonX-100 with protease in-
hibitors; Roche; catalog #11836170001) containing 100 uM Ca>*.
Beads were washed three times with immunoprecipitation
buffer with Ca?* and incubated for 2 h at 4°C with LyzC (Sigma-
Aldrich) on a turning wheel. Beads were washed again three
times and boiled in 1x Laemmli buffer. Coomassie staining was
performed as described above.

MS for phosphoproteomic analysis
HeLa S3 suspensions cells stably expressing Fam20C or
Fam20C-D478A (4 liter roller culture per condition) were
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harvested and pelleted. Pellets were then washed once in
Breaking Buffer (10 mM Tris, pH 7.4, and 250 mM sucrose),
diluted 1:5 in Breaking Buffer supplemented with cOmplete
Tablets Mini EDTA-free (Roche) and homogenized with an
EMBL cell cracker (ball size, 8.002 mm; 9-um gap). After ad-
dition of 1 mM EDTA, the sucrose concentration of the ho-
mogenate was adjusted to 37% (weight/vol) and overlayed with
35% and 29% sucrose in 10 mM Tris, pH 7.4. Cellular compo-
nents were separated by ultracentrifugation for 3 h at
133,000 g. The Golgi membrane fraction was extracted, ad-
justed to Breaking Buffer conditions, and snap-frozen in liquid
nitrogen for storage at -80°C.

For MS analysis, all samples were lysed in MS lysis buffer
(10 mM Tris, pH 7.5, 4% SDS, and 10 mM DTT), boiled and
sonicated, and precipitated overnight using ice-cold acetone
(vol/vol 80%). After centrifugation (4,000 g), the pellet was
washed at least twice with 80% ice-cold acetone before air
drying and resuspension (sonication) in TFE buffer (10% 2-2-2-
trifluorethanol and 100 mM ammonium bicarbonate). Proteins
were digested using LyzC and trypsin (1:100) overnight at 37°C
and phosphopeptides enriched as described previously (Humphrey
et al., 2015). Samples were prepared in triplets.

For liquid chromatography-tandem mass spectrometry (LC-
MS/MS) sample preparation peptides were purified using in-
house prepared stage tips (Rappsilber et al., 2003) Empor SPE
disks SDB-RPS (Sigma-Aldrich) before LC-MS/MS analysis as
described previously (Kulak et al., 2014). Briefly, stage tips were
prepared by inserting two layers of SDB-RPS matrix into a
200 pl pipette tip using an in-house-prepared syringe device.
Stage tips were first activated with 100 ul MS buffer C (30%
MeOH and 1% trifluoroacetic acid) and then washed with 100 pl
MS buffer D (2% acetonitrile and 0.2% trifluoroacetic acid) be-
fore loading of the acidified peptides (1% trifluoroacetic acid).
After centrifugation, the stage tips were washed three times
(200 pl each) with MS buffer D. Elution was performed using
60 pl MS buffer E (60% acetonitrile and 1.25% ammonium hy-
droxide). Eluates were collected in 200-ul PCR tubes and dried
using a Concentrator plus SpeedVac centrifuge (Eppendorf) at
60°C. Peptides were resuspended in MS buffer F (2% acetonitrile
and 0.1% trifluoroacetic acid) and briefly sonicated (Branson
Ultrasonics) before LC/MS-MS analysis.

For LC-MS/MS measurements, peptides were loaded on a 20-
or 50-cm reversed phase column (75-um inner diameter, packed
in-house with ReproSil-Pur C18-AQ 1.9 um resin [Dr. Maisch]).
Column temperature was maintained at 55°C using a homemade
column oven. An EASY-nLC 1200 system (Thermo Fisher Sci-
entific) was directly coupled online with the mass spectrometer
(Q Exactive) via a nanoelectrospray source, and peptides were
separated with a binary buffer system of MS buffer A (0.1%
formic acid) and MS buffer G (80% acetonitrile and 0.1% formic
acid) at a flow rate of 250 or 350 nl/min. Peptides were eluted
with a nonlinear 270-min gradient of 5-60% MS buffer G. After
each gradient, the column was washed with 95% MS buffer G for
5 min. The mass spectrometer was programmed to acquire in a
data-dependent mode (ToplO) using a fixed ion injection time
strategy. Full scans were acquired in the Orbitrap mass analyzer
with resolution 60,000 at 200 m/z (3E6 ions were accumulated
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with a maximum injection time of 25 ms). The top intense ions
(N for TopN) with charge states 22 were sequentially isolated to
a target value of 1E5 (maximum injection time of 120 ms, 20%
underfill), fragmented by Higher Energy Collisional Dissocation
(NCE 25, Q Exactive) and detected in the Orbitrap (Q Exactive,
R = 15,000 at m/z 200).

Raw MS data were processed using MaxQuant version
1.5.3.15 (Cox and Mann, 2008) with an FDR <0.01 at the level of
proteins, peptides, and modifications. Searches were performed
against the Mouse or Human UniProt FASTA database (Sep-
tember 2015). Enzyme specificity was set to trypsin. The search
included cysteine carbamidomethylation as a fixed modification
and N-acetylation of protein; oxidation of methionine; and/or
phosphorylation of serine, threonine, or tyrosine residue
(PhosphoSTY) as variable modifications. Up to two missed
cleavages were allowed for protease digestion. “Match between
runs” was enabled, with a matching time window of 0.5-0.7
min. Bioinformatic analyses were performed with Perseus
(www.perseus-framework.org) and Microsoft Excel and data
visualized using Graph Prism (GraphPad Software) or Perseus
(Tyanova et al., 2016). Significance was assessed using a one-
sample t test, two-sample Student’s t test, and ANOVA analysis,
for which replicates were grouped, and statistical tests were
performed with permutation-based FDR correction for multiple
hypothesis testing. Were indicated, missing data points were
replaced by data imputation after filtering for valid values (all
valid values in at least one experimental group). Error bars
represent mean + SEM or mean + SD.

In vitro kinase assays

In vitro kinase assays were performed by the Tagliabracci lab-
oratory as described previously (Tagliabracci et al., 2012).
Fam20C was purified from insect cells as described previously
(Tagliabracci et al., 2012). Incorporation of 3?P into Cab45 or
LyzC by Fam20C was tested by incubating 0.1 mg/ml recombi-
nant Cab45 or OPN (control) with 0.5 mg/ml recombinant
Fam20C-WT or Fam20C-KD for 2 h (reaction mixture: 50 mM
Tris-HCl, pH 7.5, 10 mM MnCl2, and 1 mM [y3?P]ATP [Specific
Activity = 500 cpm/pmol]). Reaction was stopped by adding
15 mM EDTA and SDS loading buffer. Products were separated
by SDS-PAGE followed by Coomassie blue staining and autora-
diography. Recombinant Cab45-WT was purified as described
above. LyzC was purchased from Sigma-Aldrich.

Cab45 oligomerization assay and analysis
For oligomerization assays, recombinant GFP-Cab45 proteins
were purified as described above. Proteins were centrifuged for
10 min at 10,000 g at 4°C to remove aggregates. 0.2 mg/ml
protein in 20 mM Tris, pH 7.4, was analyzed in a Lab-Tek 8
Chamber #1.0 borosilicate coverglass system (Nunc) with con-
focal microscopy (Carl Zeiss; 63x/1.4 NA Plan-Apochromat oil
objective, LSM 880, software ZEN 2010) at 20°C. Proteins were
incubated 10 min in buffer only, with 2 mM Ca?* and 2 mM
EDTA (after Ca?* treatment), and z-stacks (0.35 pm) were taken
at the bottom area of the well.

For analysis, image showing bottom of the well in focus was
used. Individual background intensity for each picture was
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subtracted (Image] macro: https://imagej.nih.gov/ij/macros/
SubractMeasuredBackground.txt). Size distribution of oligom-
ers was analyzed using Image] software (function: Analyze
Particles; 0-1 Circularity). Oligomers were counted by the pro-
gram according to their pixel size of (>3, >5, >11, and >20 pixel
units). Intensity of vesicles was analyzed by measuring the in-
tensity of the pixel with the highest intensity within a particle.
According to the amount of oligomers formed by Cab45-5pXA,
only a representative section of the image was analyzed.

Quantification and statistical analysis

For statistical evaluation, GraphPad Prism version 7.0b for Mac
0S X (GraphPad Software) was used. Means =+ SD are plotted in
all analyzed graphs. Statistical details can be found in figure
legends. Normality testing was performed using normality tests
of D’Agositino-Pearson, Shapiro-Wilk, and Kolmogorov-
Smirnov. A Kruskal-Wallis test followed by Dunn’s multiple
comparisons test was used for RUSH cargo sorting assays, Cab45
vesicle counting, LyzC secretion of Cab45 phosphomutants, Eq-
SM vesicle counting, vesicle budding phosphomutants, LyzC
immunoprecipitation, and intensity analysis of oligomers. An
unpaired t test was used for vesicular budding assay of endog-
enous Cab45. A Mann-Whitney test was used for colocalization
of Fam20C with Eq-SM and Eq-Sol vesicles as well as vesicle
counting of Cab45-5pXE with SMS1/2 siRNA knockdown. A
Kolmogorov-Smirnov test was used for LyzC secretion of
Fam20C-KO. An ordinary one-way ANOVA test was used for
LyzC secretion in Fam20C-KO cells rescued with Cab45 con-
structs. The following P value style was used: *, P < 0.05; *, P <
0.01; ***, P < 0.001.

Online supplemental material

Fig. S1 shows experiments related to Fig. 1 and Fig. 3 in which
Fam20C-KO and Cab45 phosphorylation sites were identified
using MS analysis. Fig. S2 shows additional results related to
Fig. 4 in which Cab45 phosphomutants were analyzed for lo-
calization, secondary structure, and cargo binding. Fig. S3 shows
experiments related to Fig. 5 in which LyzC sorting was further
analyzed in Cab45 phosphomutants. Fig. S4 shows experiments
related to Fig. 5 in which phosphomutants of Cab45 were addi-
tionally tested for specificity in cargo sorting. Fig. S5 shows
experiments related to Fig. 6 in which TGN export of Cab45 was
further characterized.
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Figure S1. MS analysis confirming Fam20C protein KO and Fam20C-dependent phosphorylation sites of Cab45 (related to Figs. 1 and 3). (A) Scheme
of the MS approach used to identify Fam20C protein KO. Golgi fractions of HeLa control and Fam20C-KO cells were isolated by sucrose gradient centrifugation.
Equal protein amounts were separated by SDS PAGE and analyzed by MS (n = 3). (B) Volcano plot of the identified proteins of HelLa control cells versus
Fam20C-KO cells. Fam20C was identified in HeLa-WT cells by MS/MS (indicated in red), but not in Fam20C-KO cells. (C) Colocalization of vesicular LyzC-SBP-
EGFP against endosomal and lysosomal markers was analyzed using immunofluorescence microscopy. Hela cells were transfected with RUSH construct LyzC-
SBP-EGFP and incubated for 40 min with biotin. Cells were fixed and stained with a-EEA1 antibody (early endosomes), a-Rab11 antibody (recycling endo-
somes), and a-Lamp1 antibody (lysosomes). Scale bars, 10 um. The magnification of the inset is shown in the lowest panel (scale bars, 1 pm). (D) Heatmap and
profile plot illustrating hits that were significantly phosphorylated in the kinase-dead (KD) Fam20C samples (48 phosphosites) or Fam20C-WT samples (289
phosphosites). Red and blue represent the high and low z-scores, respectively. (E) Quantification of the analyzed Fam20C-WT and Fam20C-KD samples using
Pearson correlation analysis. Hits from each sample were compared with hits from samples of the same group (biological replicates) as well as with hits from
samples from the other group (Fam20C-WT vs. Fam20C-KD). High and low correlations between samples are indicated by red and green, respectively.
(F) Categorization of the detected protein hits into subgroups (red dots). The phosphorylated proteins were analyzed for similarities (secreted, glycosylated,
calcium-binding, and Golgi-localized proteins). P values describe the amount of enriched phosphorylated proteins in each subgroup.
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Figure S2. Mutation of Cab45 phosphorylation sites alters the localization, but not the secondary structure or cargo-binding ability, of the protein
(related to Fig. 4). (A) Representative immunofluorescence images of cells that stably expressed Cab45-5pXE, stained against Cab45-5pXE (a-HA) and ER exit
sites (a-Secl6A). Scale bar, 10 pm. The magnification of the inset is shown in the right panel (scale bar, 1 um). The green arrowheads indicate Cab45-5pXE
vesicles, and the red arrowheads indicate Sec16A-positive ER exit sites. (B) Far-ultraviolet CD spectroscopy measurements of recombinant Cab45-WT, Cab45-
5pXA, and Cab45-5pXE. The secondary structures of the proteins were analyzed only in the buffer after adding 1 mM Ca?* and followed by 2 mM EDTA.
(€) Coimmunoprecipitation of recombinant LyzC with Cab45-WT and phosphomutants analyzed by Coomassie staining. Recombinant Cab45 proteins were
enriched by Ni2* beads, washed, and incubated with recombinant LyzC (upper blot). Cofilin-S3E was used as a negative control (lower blot). (D) Coomassie gels
of three independent experiments described in C were quantified by densitometry with Image) software. The bar graph represents the means + SD of
densitometric values of LyzC signal normalized to Cab45 signal in percent. Statistical test, Kruskal-Wallis.
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Figure S3. Specific LyzC sorting of Cab45 phosphomutants (related to Fig. 5). (A) Representative immunofluorescence images of RUSH experiments,
showing LyzC transport in Cab45-WT and phosphomutant cell lines. The cells were transfected with LyzC-SBP-EGFP and fixed at 0, 20, 40, and 60 min after
addition of biotin. Z-stack images (d = 0.35 um) were analyzed. The arrowheads indicate cytoplasmic vesicles. Scale bars, 10 um. (B) Cab45 phosphomutants
and Cab45-WT were sorted together with LyzC into the same vesicles. HeLa WT cells were transfected with different EGFP-Cab45 constructs and LyzC-
mCherry. Time-lapse movies were acquired to observe vesicle budding over time. Scale bars, 10 pm. The magnification of the inset is shown in the last panel.
Bars, 1 um. Arrowheads indicate secretory vesicles that contained both fluorescent proteins.
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Figure S4. Sorting of non-Cab45 cargos is not affected in Cab45 phosphomutants (related to Fig. 5). (A) Western blot analysis of the secretion of CatD in
HeLa control and Fam20C-KO cells. Endogenous CatD was trapped in the Golgi at 20°C and released for 1 h at 37°C. The supernatants (upper panel) and cell
lysates (lower panels) were tested for CatD by Western blotting. B-Actin was used as loading control. (B) Representative immunofluorescence images of
colocalization of vesicular SBP-EGFP-CatD with the lysosomal marker Lampl. Hela cells were transfected with RUSH construct and incubated for 40 min with
biotin. Cells were fixed and stained with a-Lamp1 antibody. Scale bar, 10 um. The magnification of the inset is shown in the lower right pane (scale bar, 1 um).
(C) Representative immunofluorescence images of RUSH experiments showing OPN transport in Hela control, Cab45-KO, Cab45-WT, and Cab45 phospho-
mutant cell lines. Cells were transfected with OPN-SBP-EGFP and fixed at 0, 20, 40, and 50 min after the addition of biotin. Z-stack images (d = 0.35 um) were
analyzed. The arrowheads indicate cytoplasmic vesicles. Scale bars, 10 um. (D) Representative immunofluorescence images of RUSH experiments showing
cathepsin D (CatD) transport in Cab45-WT and phosphomutant cell lines. Cells were transfected with SBP-EGFP-CatD and fixed at 0, 20, 40, and 60 min after
the addition of biotin. Z-stack images (d = 0.35 um) were analyzed. The arrowheads indicate cytoplasmic vesicles. Scale bars, 10 um. (E) The numbers of CatD
budding vesicles (D) were quantified. The cytoplasmic vesicles were counted at each time point by analyzing z-stack images (d = 0.35 um). Scatter dot plot
represents the means + SD of at least three independent experiments (n > 30 cells per condition). Statistical test, Kruskal-Wallis.
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Figure S5. TGN export of Cab45 (related to Fig. 6). (A) Vesicular budding assays of Cab45. The budding of TGN-derived vesicles was tested in HeLa cells
(left blot) and overexpressed Cab45-WT (right blot) in dependency of ATP and rat liver cytosol at 32°C. The released vesicles were collected and analyzed by
Western blotting for Cab45 and CNX. Cells incubated at 4°C were used as the negative control. (B) Representative immunofluorescence images of RUSH
experiments showing Cab45 transport in Fam20C KO cells that reexpress Fam20C-WT and the kinase-dead Fam20C-D478A. The cells were transfected with
SBP-tagRFP-Cab45 and fixed at 0, 20, 30, 40, and 50 min after the addition of biotin. Z-stack images (d = 0.35 um) were analyzed. The arrowheads indicate
cytoplasmic vesicles. Scale bars, 10 um. (C) Colocalization of vesicular SBP-tagRFP-Cab45 against endosomal and lysosomal markers was checked using
immunofluorescence microscopy. Hela cells were transfected with RUSH construct SBP-tagRFP-Cab45 and incubated for 40 min with biotin. Cells were fixed
and stained with a-EEA1 antibody (early endosomes), a-Rab11 antibody (recycling endosomes) and a-Lamp1 antibody (lysosomes). Scale bars, 10 um. The
magnification of the inset is shown in the lowest panel. Scale bars, 1 um.
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4. Discussion

Vesicular transport is indispensable in eukaryotic cells as it mediates the exchange of proteins
and lipids between membrane-bound organelles. Pioneered by the work of James Rothman,
Randy Scheckman and Thomas Siidhof, among others, three classes of transport vesicles have
been functionally characterized to date, named according to their protein coats COPI, COPII
and clathrin. As a basic step in all these vesicle-forming events is the interaction of cargo
molecules with coat components that results in the incorporation of the cargo molecules into
the nascent transport carrier and further is stabilizing the vesicle-budding complex. Whereas
transmembrane proteins can directly interact with cytosolic coat components via sorting
motifs in their cytoplasmic domains, soluble luminal proteins by definition have no such
domains. Instead, special cargo receptors have been identified within different compartments
in the Secretory Pathway. These proteins, including MPRs, p24 family proteins or ERGIC-53,
with both intraluminal and cytoplasmic domains, have been shown to link soluble cargos to
coat and adapter proteins in the cytosol (Bonifacino 2004, 2014; Ghosh and Kornfeld 2003).

Nevertheless, the transport and sorting of especially soluble secreted molecules from the Golgi
apparatus remain elusive as specific machineries for their recognition but also the types of
vesicles in which these proteins are convoyed are mainly unknown (Pakdel and von Blume
2018). This is particularly astonishing, considering that highly active substances e.g. enzymes,
whose secretion must be exquisitely regulated, are among those molecules (Malemud 2006;

Rothman 2002).

The present thesis examines how Ca®" and phosphorylation in the Golgi complex contribute
to the intra-Golgi transport and secretion of soluble secreted proteins. This discussion will
evaluate the current research in the context of existing literature, and consider possible
mechanisms of how luminal Ca*-binding EF-hand proteins can drive protein transport

processes.
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4.1 NUCBI and Cab45 bind soluble secretory proteins in a Ca**-dependent

manner

Ca’* is a major secondary messenger. Through influx from the extracellular space or release
from intracellular Ca®'-storage compartments like the ER, Ca’** controls many cellular
processes by activating enzymes, ion channels and other proteins that are working together in
signaling cascades (Berridge et al. 2000). In this regard, increasing cytosolic Ca** levels were
also shown to play multiple roles in membrane trafficking, e.g. in vesicle fusion via
synaptotagmin - a Ca**-sensor located on vesicles that binds to the vesicle fusion machinery
composed of SNAREs and other proteins (Himschoot et al. 2017; Pang and Stidhof 2010).
However, it is not only cytosolic Ca** that contributes to the cargo transport, luminal Ca** has
also been shown to directly influences protein transport and polarized trafficking (Sepulveda
et al. 2009). Previously, it has been demonstrated that the TGN-localized Ca**-binding protein
Cab45 oligomerizes in response to increasing luminal Ca** that has been locally pumped into
the TGN by SPCA1. Consequently, cargo molecules like LyzC, COMP or MGP?8 - ready for
secretion - can be bound by the oligomeric Cab45-complex and sorted into SM-rich vesicles
(Deng et al. 2018).

In the scope of this thesis we could show that another EF-hand Ca**-binding protein NUCBI1
that localizes in the cis-Golgi, might act in an analogous way. Similarly to Cab45, NUCB1
binds Ca*' in a pairwise manner with its two EF-hand motifs (Blank and von Blume 2017;
Kapoor et al. 2010). Likewise, Circular Dichroism revealed that binding of Ca** changes the
secondary structure of NUCBI from an open, rather unstructured conformation to a more
alpha-helical state (Pacheco-Fernandez et al. 2020 - Figure S3H). Hereof, structural studies of
several EF-hand Ca’"-binding proteins like CaM??, sorcin or proteins of the S100 family could
confirm that Ca*-induced conformational change of these proteins exposes hydrophobic
residues and favors protein-protein interactions (Donato et al. 2013; Ilari et al. 2002;
Westerlund and Delemotte 2018). CaM for instance functions as a regulatory protein as it is
able to bind more than 300 different peptides upon Ca**-binding. In line with this, NUCB1-wt
but not the Ca®*-binding-deficient mutant NUCBImEFh1-2 that is also lacking structural

change after Ca?*-addition, was able to directly bind cargo molecules like the matrix

% MGP = Matrix glia protein
% CaM = Calmodulin
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metalloproteinases MMP2 and MT1-MMP (Pacheco-Fernandez et al. 2020 - Figures 5 and
S4).

Ca’*- and consequently cargo binding of NUCB1 was important for intra-Golgi transport of
MMPs and impairment of NUCBI function resulted in their reduced conveyance and
secretion (Pacheco-Fernandez et al. 2020 - Figures 2, 3, 4 and 5). MMP2 is known for its role
in metastatic cancer by regulating ECM-degradation and cell invasion. In this regard,
knockdown of NUCBI was also associated with reduced invasion of MDA-MB-231 cells and
defects in gelatin degradation of human macrophages (Pacheco-Fernandez et al. 2020 -
Figures 7 and 8). As MT1-MMP activates MMP2 at the cell surface, zymography assays were
performed to confirm that intra-Golgi transport of MMPs, but not activation of MMP2 was
the reason for impaired ECM remodeling (Pacheco-Fernandez et al. 2020 - Figure S5A, B).
Opverall, Ca’*-dependent cargo binding of both described EF-hand-proteins was essential for

sorting and transport of soluble secreted proteins. But how are these processes facilitated?

4.2 Cab45 sorts cargo proteins by retention and release

Despite the multitude of evidences that have been made during the last decades, the sorting of
soluble secreted molecules is comparatively poorly understood. This applies not only to
soluble protein sorting at the TGN but also within sorting events in the early Secretory
Pathway. According to their structural diversity and the absence of a consensus recognition
motif, almost no cargo receptors are known for these soluble molecules that could facilitate
sorting into vesicles. Recently, our lab has investigated a receptor-independent sorting
mechanisms for soluble secreted proteins at the TGN, focusing on a role for the Ca*-
dependent oligomerization of the EF-hand protein Cab45. However, how cargo proteins are
actively sorted into post-Golgi vesicles is still an open question (Crevenna et al. 2016; Deng et
al. 2018). To date, there are no cargo receptors or other membrane proteins known to bind
Cab45 or to Cab45 client proteins, and also if the Cab45-client-complex interacts with lipids
in the TGN membrane remains unclear. In scope of this thesis, we demonstrate that the Golgi
kinase Fam20C phosphorylates Cab45 on five distinct residues (S99, T131, S142, T193, S349)
(Hecht et al. 2020 - Figure 3), which significantly increases sorting and secretion of Cab45
clients and moreover reduces the size of the Cab45 oligomers (Hecht et al. 2020). But how

does the size of the Cab45 oligomers affect the secretion of its client LyzC?
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To comprehend sorting of soluble secreted molecules at the TGN, it might be worth
considering how this process is accomplished at the ER, where packaging is limited to one
defined class of transport carriers, the COPII vesicles. Here, some cargo receptors have been
identified (e.g. ERGIC-53, or Erv proteins) responsible for the sorting of a subset of soluble
proteins; nevertheless, for many cargo proteins no such receptors are known (Dancourt and
Barlowe 2010). Accordingly, a certain amount of soluble secretory cargo sorting is thought to
be an effect of bulk-flow - the packaging of proteins by default, whereas proteins are not
actively concentrated or enriched in the vesicle (Barlowe and Helenius 2016). Multiple lines of
evidence support the existence of a bulk-flow pathway: On the one hand, the lack of
disruption to proteins’ ER export despite the mutation or depletion of several key components
e.g. potential recognition motifs or receptors (Castillon et al. 2011). On the other hand the
efficient export and secretion of foreign proteins like GFP, HRP, bacterial proteins or single
peptides, that most likely lack native sorting motifs or cargo receptors (Bard et al. 2006;
Eiden-Plach et al. 2004; Thor et al. 2009; Wiedmann, Huth, and Rapoport 1984). As a
consequence, it was hypothesized that proteins leave the ER and are secreted non-specifically
in a bulk-flow manner, if they are not actively retained in the compartment or sorted via
specific cargo receptors. In line with this, the overexpression of soluble secretory proteins
often also increases its secretion rate, which was interpreted as oversaturation of the retention
system and non-specific uptake into secretory vesicles. Moreover, secretion of ER-resident
proteins was observed when recycling cargo receptors like p24 were depleted (Ma, Goldberg,
and Goldberg 2017).

Besides the known recycling cargo receptors e.g. KDEL or ERGIC-53 that recognize soluble
proteins at the ERGIC or cis-Golgi and mediate retrograde transport via COPI vesicles, the
existence of an ER retention matrix was proposed. This “immobile matrix” consists of ER-
resident proteins and unfolded or incorrectly folded proteins that are bound to chaperons.
This matrix is distinguishable from the “mobile phase” that contains predominately proteins
ready for ER-exit (Pfeffer and Rothman 1987). In support of this notion, ER-resident proteins
such as the heat shock protein BiP are known to homo-oligomerize and can form multiple
bindings with other ER-resident proteins and so have the potential to form a retention
meshwork. Accordingly, secretion of misfolded proteins could be induced when chaperone
interaction was abolished (Marcus and Perlmutter 2000).

Contradictory to the bulk-flow hypothesis, many soluble secreted proteins are active

molecules e.g. ECM-degrading enzymes or hormones whereby secretion has to be tightly
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regulated and triggered (Rothman 2002). According to the lack of sorting receptors and our
recent discoveries, we propose a mechanism for the sorting of soluble secreted molecules at
the TGN, which is sequentially based on the retention of those molecules via Cab45, followed
by their regulated release (Hecht et al. 2020).

In the first step, Ca** that is imported into the TGN leads to the oligomerization of Cab45 and
the binding of specific soluble secretory proteins (Cab45 clients). As a result, cargo proteins
like LyzC or COMP are concentrated and segregated from bulk-flow cargo molecules e.g.
OPN, which leave the TGN at irregular intervals (Crevenna et al. 2016; Deng et al. 2018;
Hecht et al. 2020 - Figures 5G and S4C). To date, our in vitro analysis has been unable to
determine a precise size for these Cab45-client-complexes, so one alternative possibility is that
Cab45 may not form defined oligomers but adopt a mesh-like, “immobile matrix”
conformation (data not shown). However, the transferability of these in vitro experiments has
to be carefully considered, as existing studies have shown discrepancies between in vivo and in
vitro observations. Indeed, protein concentration, pH, Ca**-availability as well as the presence
of other cofactors or proteins in living cells may directly influence the assembly and
disassembly of oligomers (Dunsing et al. 2018; Ruesink et al. 2019; Wang et al. 2018).
Comparable to Cab45, many important chaperons and folding factors in the ER that form this
potential “immobile matrix” are high-capacity Ca**-binding proteins e.g. PDI, BiP or CRT.
Moreover, Ca’*-depletion in the ER is associated with the aberrant secretion of misfolded as
well as ER-resident proteins (Nigam et al. 1994; Sambrook 1990). Consistent with these
observations, the ability of Cab45 to bind Ca** and to oligomerize directly influences its
residence in the TGN. This is conclusive as we could detect Cab45 in cell culture supernatant
in some experimental conditions, despite its annotation as a Golgi-resident protein (Scherer et
al. 1996). In this regard, Cab45-6EQ, a Ca**-binding-deficient mutant that is no longer able to
form higher molecular weight structures, accumulates in vesicles around the Golgi complex at
steady state and was also observed to be hypersecreted into the extracellular space (Crevenna
et al. 2016). A similar effect is seen in HeLa cells that have been treated with Ca*" ionophore
A23187, where the secretion of endogenous Cab45 is markedly increased (von Blume et al.
2012). These Ca*-dependent retention mechanisms may be a more general feature of ER-
resident Ca**-binding proteins, as reticuloplasmins have been shown to be released from the
ER when cells are treated with Ca*" ionophores (Booth and Koch 1989). Moreover, in the
aforementioned study, Booth and Koch claimed that these proteins form such an “immobile

matrix” in their Ca**-bound state, which regulates their retention in the ER. In line with this,
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also the “sorting by retention” model of SG proteins postulates the active retention of proteins
via aggregation (Borgonovo, Ouwendijk, and Solimena 2006; Dannies 1999; Tooze 1998).

In the next step, we propose that phosphorylation of Cab45 by Fam20C disassembles the
Cab45 “immobile matrix” and enables packaging into SM-rich vesicles. Our data has revealed
that the phosphorylation-mimicking mutant Cab45-5pXE forms smaller and less intense
oligomeric structures after Ca**-addition (Hecht et al. 2020 - Figures 7). The dissociation of
multimer structures upon phosphorylation is not without precedence and has been shown for
several other proteins including Sae2 or heat shock protein aB-crystallin (Fu et al. 2014; Ito et
al. 2001). Furthermore, our data show that expression of Cab45-5pXE specifically enhances
the sorting and secretion of Cab45 cargo LyzC (Hecht et al. 2020 - Figure 5). This is in
opposition to the non-phosphorylated mutant Cab45-5pXA, which forms larger oligomeric
structures in vitro and according to its expression, delays cargo secretion (Hecht et al. 2020 -
Figures 5 and 7). Strikingly, the same phenotype is also observed in Fam20C-KO cells (Hecht
et al. 2020 - Figure 1).

Cab45 phosphorylation sites are not located within the EF-hand domains, so it is not
surprising that these different Cab45-phosphomutants are still able to bind Ca**, change their
secondary structure and bind cargo molecules (LyzC) (Hecht et al. 2020 - Figure S2). Cab45
oligomerizes specifically at Ca**-rich microdomains, where SPCA1 is located and the SM-
content is enriched. As a consequence, phosphorylated, disassembled Cab45 is no longer
retained and is more efficiently sorted into SM-rich vesicles (Hecht et al. 2020 - Figure 6).
This was reflected in the subcellular localization of the Cab45-5pXE mutant that was present
in post-Golgi vesicles at steady state, similarly to Cab45-6EQ (Hecht et al. 2020 - Figure 4). As
phosphorylation and dissociation of Cab45 multimers takes place in close proximity to “TGN
exit sites”, we could show that Fam20C buds together with Cab45 in SM-rich vesicles (Hecht
et al. 2020 - Figure 2).

In contrast to the Cab45-phosphomutants, the vesicular located Ca**-binding-deficient
mutant Cab45-6EQ shows a missorting phenotype. One assumption is that Cab45-6EQ,
which is not able to bind Ca** and so form oligomers, is not concentrated together with the
cargo proteins in those specific Ca**-rich/SPCA1/SM-rich microdomains but instead exits
from the TGN at multiple sites. As a result, Cab45 clients like LyzC are not properly sorted
but leave the ER in the form of bulk-flow vesicles, which are not specifically enriched in SM

(Deng et al. 2018). The fact that cells expressing Cab45-6EQ or with reduced amounts of
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endogenous Cab45 exhibit decreased LyzC secretion, might be because of these missorting

effects or because of lower secretion rates via bulk-flow (Crevenna et al. 2016).
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Figure 18: Fam20C phosphorylates Cab45 and regulates client secretion by oligomer disassembly. The model
depicts the newly examined role of Fam20C in Cab45 client sorting. (A) SPCALI interacts with cofilin via its
second cytosolic loop, recruiting actin and promoting an influx of Ca®* into the lumen of the TGN. (B) Cab45
oligomerizes in the presence of Ca®", binds secretory cargo molecules like LyzC and forms an immobile matrix
that retains the Cab45-client-complex in the TGN. (C) After phosphorylation by Fam20C, Cab45 oligomers
disassemble, which abolishes its TGN-retention and promotes the sorting into SM-rich vesicles (Hecht et al.
2020).
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Opverall, this leaves the question how dissociation of Cab45, or Cab45 in general can drive
vesicle formation. One option would be the direct or indirect interaction of Cab45 with
transmembrane proteins or lipids, e.g. as shown for the clustering of GPI-anchored proteins
in form of lipid rafts (Paladino et al. 2004). By interaction with the TGN membrane, the
Cab45-client-network could form a molecular scaffold that imposes internal forces on the
luminal membrane to generate membrane bilayer asymmetry that ultimately promotes
membrane deformation (Romer et al. 2007; Stachowiak et al. 2012). Therefore, the Cab45-
complex would have curvature active properties analogous to the endocytosis of toxins such
as STx190. Similar mechanisms have also been proposed for the cellular entry of CTx%! and
the VP1 capsid protein of simian vacuolating virus 40 (SV40), which generate membrane
invaginations in the absence of a cytosolic machinery (Ewers et al. 2010; Johannes and Rémer
2010; Ling et al. 1998; Pezeshkian et al. 2017). In this regard, higher molecular weight Cab45
complexes could actively initiate vesicle formation dependent on their sorting status.
Subsequently, the disassembly of the “immobile matrix” due to phosphorylation by Fam20C

would allow Cab45 as well as its clients to enter budding vesicles. Unfortunately, no such data

1% STx = Shiga toxin
19! CTx = Cholera toxin
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exist for the interaction of Cab45 with the TGN membrane and warrants further
investigation.
Altogether, Cab45 regulates the sorting of soluble secreted molecules due to the formation of

high molecular weight structures, but how can NUCB1 drive intra-Golgi transport?

4.3 NUCBI regulates MMP intra-Golgi transport via Ca**

Two major models of intra-Golgi transport models have been proposed over the last decades.
Regarding the Golgi cisternal maturation model with tubules, trans-cisternae evolve from
younger ones by the exchange of membrane components and Golgi enzymes. Thereby, cargo
molecules are postulated to mainly remain within the “same” compartment, pending its
maturation to trans-Golgi cisternae. Due to physical limitations in vesicular retrograde
transport of Golgi resident proteins, and the observation that secreted cargo molecules exhibit
different cargo transport rates, this initial cisternal maturation model was revised to reflect
that tubules forming between the cisternae can also influence transport dynamics (Glick and
Luini 2011). Interestingly, high resolution imaging techniques including correlative light-
electron microscopy (CLEM) have shown that intercisternal tubules formed during active
cargo transport and dissociate after cargo molecules leave the Golgi apparatus (Beznoussenko
et al. 2014; Marsh et al. 2004; Trucco et al. 2004). According to the narrow distances between
neighboring Golgi cisternae of 10-20 nm, studies also suggested that tube formation is a fact
of lacking vesicle membrane fission (Linstedt 1999; Martinez-Alonso, Tomas, and Martinez-
Menarguez 2013), wherefore it makes it difficult to clearly distinguish between tube and
vesicle formation. However, specifically this vesicular transport is part and parcel of the
vesicular transport model of Golgi traffic, which assumes static Golgi cisternae with resident
enzymes, but the progression of cargo molecules through the stack in form of vesicles (Glick
and Luini 2011). Comparison of different cargo molecules both in the data presented in this
thesis and in existing literature have revealed that cargo molecules move through the Golgi
with different velocity (Beznoussenko et al. 2014; Hecht et al. 2020; Mironov and
Beznoussenko 2012; Pacheco-Fernandez et al. 2020). For example, MMP2 intra-Golgi
transport was regulated by the expression of endogenous NUCBI1 and additionally much
faster than for example NUCB1-independent LyzC transport (Pacheco-Fernandez et al. 2020 -
Figure 2). Overall, this indicates that NUCBI clients are actively transported through the
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Golgi apparatus via vesicles or tubules - accomplished by both aforementioned models, and
do not traverse the Golgi in a bulk-flow process with other proteins.

Common to both intra-Golgi transport models is the requirement for membrane asymmetry
to induce the membrane perturbations required during tubule and vesicle formation. Several
cytosolic components are known to induce positive membrane curvatures and therefore
contribute to the initiation of tube and vesicle formation. This includes membrane proteins
with an intrinsic curvature (e.g. BAR proteins), coat-forming components (e.g. COPI) or
proteins that upon membrane binding insert an amphipathic helix as a physical wedge within
the lipid matrix (e.g. Sarl, Arfl) (Dunlop et al. 2017; Linstedt 1999; Martinez-Mendrguez
2013; Zimmerberg and Kozlov 2006). Additionally, lipid modifying enzymes e.g. cytosolic
lipid kinases or phospholipases, play a key role in membrane lipid regulation, which in turn
can influence membrane dynamics and shape. One such enzyme, cPLA2a'%2 has been
previously implicated in intracisternal tube formation through the generation of the inverted-
cone-shaped lysophosphatidic acid (LPA) (Martinez-Menarguez et al. 2001). It was revealed
that silencing of cPLA2a and use of phosphoinhibitors could specifically block cisternal tube
formation, whereas overexpression of cPLA2a resulted in hypertubulation. The ability to form
intracisternal tubules was furthermore linked with proper cargo transport and intact Golgi
morphology (De Figueiredo et al. 1998, 1999; San Pietro et al. 2009; Ward et al. 2012).
Accordingly, vesicle or tube formation might be triggered from the cytosol; however, this
raises the question why knockout or knockdown of NUCBI only affects intra-Golgi transport
of specific clients and not of other proteins like LyzC.

As discussed above, luminal proteins have the potential to induce membrane curvature upon
molecular crowding and thereby control transport/sorting rates (Snead et al. 2017). Similarly
to Cab45, NUCBI directly binds its clients in a Ca**-dependent manner (Pacheco-Fernandez
et al. 2020 - Figure 1 and S3D, E) and might also form high molecular weight structures that
result in spontaneous membrane curvature. To date, there is no data available regarding
NUCBI oligomerization. However, preliminary data from the Miller laboratory suggest that
also NUCBI1 is indeed able to oligomerize upon Ca**-binding (not published; communication
with Liz Miller, MRC Laboratory of Molecular Biology, UK). Along with Cab45, the ability to
form higher molecular weight structures upon Ca**-binding is shared by several other EF-

hand Ca**-binding proteins like CSQ103, sorcin or members of the S100 protein family (Fritz

19 cPLA2a = Cytosolic phospholipase A2 alpha
103 CSQ = Calsequestrin
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et al. 2010; Sanchez et al. 2012; Zamparelli et al. 1997). Interestingly, NUCB1 has been shown
to associate with the Golgi membrane in an as yet unknown manner; further studies of the
impact of NUCBI oligomerization on membrane dynamics may help dissect these
outstanding questions (Stachowiak et al., 2012; Pezehikian et al., 2016, Romer et al,,
2007).

If the parallels between NUCB1 and Cab45 are correct, it may be that NUCBI also forms an
“immobile matrix” and the dissociation of this mesh-like structure would be essential for
proper cargo transport. Intriguingly, analogous to Cab45, NUCBI carries Fam20C
phosphorylation sites (S86; T148; S369). These sites were confirmed by mass spectrometry
and, comparable to Cab45 phosphorylation sites, do not localize within the EF-hand motifs of
NUCBI, suggesting they may not influence Ca** binding but perform a similar regulatory role
(Tagliabracci et al. 2015).

|
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% sphingomyelin
@ NUCB1 unphosphorylated
@ NUCBI1-P via Fam20C

& NUCB1 clients

Figure 19: NUCBI1 binds and transports clients in a Ca**-dependent manner. The model depicts the NUCB1-
regulated intra-Golgi transport of clients. (A) The EF-hand Ca*"-binding protein NUCB1 binds Ca*" that is
locally pumped into the lumen of the cis-Golgi by the Ca**-ATPase SERCA. As a result, NUCBI interacts with
cargo molecules like MMP2 and congregates them by forming higher molecular weight structures. This
oligomerization process further induces membrane curvature and promotes vesicle or intracisternal tube
formation, supported by cPLA2a. (B) The phosphorylation of NUCB1 by Golgi kinase Fam20C triggers the
dissociation of the NUCBI1-client-complexes and allows further transport into the medial-Golgi compartment
(Pacheco et al. 2020).

As NUCBLI is travelling through the Golgi stack, this NUCB1 accumulation process might
occur in every cisterna, whereas the effect is most dominant at the cis-Golgi were SERCA is
highly expressed and Ca** concentrations are 3-fold higher compared to the TGN (Pacheco-
Fernandez et al. 2020 - Figure 3 and 4; Pizzo et al. 2011). Evidently, it is of great relevance to
investigate if NUCBI1 actually forms higher molecular weight structures, and indeed, if like
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Cab45 clients, this has any influence on MMP transport throughout the Golgi. Further studies
are required to reveal the complexities of MMP sorting at the TGN and the role of NUCBI1
and Cab45 in this process. In this regard, MMP2 was partially found together with LyzC in
post-Golgi vesicles (Pacheco-Fernandez et al. 2020 - Figure S2) and also NUCBI is secreted

into the extracellular space (Miura et al. 1992; Petersson et al. 2004; Wendel et al. 1995).

Opverall, Ca** seems to be a common factor for the described processes. Therefore, the last
section will discuss how Ca*-signaling and Ca®* homeostasis at the different Golgi

compartments may influence trafficking and sorting events.

4.4 Regulation of Ca*-dependent transport and sorting processes at the Golgi

apparatus

In case of Cab45-based cargo sorting, we could show that local Ca** levels are increased by the
pumping activity of SPCA1 (Kienzle et al. 2014). As Ca’" is involved in numerous signaling
cascades with a high degree of cross-talk, I want to highlight how the ion not only contributes
to the described Cab45- and NUCBI1-dependent processes but potentially also initiates them.
In line with this, several studies could demonstrate that Ca**-signaling triggers secretion of
molecules in secretory cells e.g. goblet cells, a process called Ca**-triggered exocytosis and that
Ca** homeostasis of the Golgi apparatus is crucial for membrane transport (Anantharam and
Kreutzberger 2019; Lissandron et al. 2010; Micaroni et al. 2010).

Since many secretory proteins are active substances, their secretion should be tightly regulated
and controlled by extracellular events (Rothman 2002). Therefore, we assume that if protein
secretion is required, external stimuli are transmitted internally via signaling cascades e.g. via
the secondary messenger Ca*. In this regard, Ca’* itself might play a key role in the regulation
of SPCA1. Kienzle et al. 2014 have shown that the ATPase is activated by un-phosphorylated
cofilin1, which binds to SPCAL1 in its second cytosolic loop. Meanwhile, de-phosphorylation
of cofilinl occurs by phosphatases of the SSH family (Bamburg 1999; Niwa et al. 2002), which
are activated by the PI3K194/AKT signaling pathway and in turn is initiated by Ca*"-influx
into the cell (Danciu et al. 2003; Nishita et al. 2004; Wang, Shibasaki, and Mizuno 2005).

194 PI3K = Phosphoinositide 3-kinase
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Similarly, in vitro and in vivo studies could confirm that external stimulus e.g. by EGF105 is
activating PLC, which also controls membrane-associated cofilinl (Van Rheenen et al. 2007).
PLC additionally cleaves PIP, into DAG and IP;, and IP; on the other hand opens the Ca?**-
release channel IP;R of storage compartments like the ER (Bootman 2012; Thatcher 2010). As
a consequence, these signaling cascades would not only activate SPCA1 but also provide a
pool of cytosolic Ca** that could be pumped into the TGN by the Ca**-ATPase. Recent data on
SPCA1la has furthermore shown that this isoform exhibit a N-terminal EF-hand-like domain,
which binds Ca?* and promotes ATPase activity (Chen et al. 2019).

Besides these cytosolic pathways, are there also luminal factors that might additionally control
SPCAL1 activity? Strikingly, analysis of mass spectrometry data revealed Fam20C as an
interaction partner of SPCA1 (J. Zhang et al. 2018). This is interesting, as Fam20C might be
regulated by SPCA1, which pumps also Mn** - the co-factor of the Fam20C kinase. Moreover,
Fam20C activity is dependent on sphingolipids, whereas SM synthesis is coupled to SPCA1
activity (Cozza et al. 2015, 2017; Deng et al. 2018; Dode et al. 2006; Tagliabracci et al. 2012).
As a result, activation of SPCA1 might not only leading to Ca**-influx into the TGN but also
to Mn*'-transport, which would spatiotemporally couple Ca**-dependent oligomerization,

cargo binding and the phosphorylation-dependent dissociation of Cab45 by Fam20C.

Whereas Cab45 and SPCAL1 act in Ca**-dependent transport events at the TGN, NUCB1
seems to play a key role in the transport of MMPs at early Golgi compartments. But how is
Ca*" homeostasis maintained at the cis-Golgi? Here, SERCA regulates the Ca**-influx and acts
as an opponent to ion channels RyR and IP:R (Pizzo et al. 2011). SERCA can be indirectly
activated in a Ca®’-dependent manner via cytosolic kinases PKA and CaMKII'%. PKA is
known to be activated by secondary messenger cyclic AMP (cAMP) in response to external
stimuli; however, recent data have also revealed a cAMP-independent pathway operating via
Ca*" and the EF-hand Ca*'-binding protein S100A (Dunn, Storm, and Feller 2009; Melville et
al. 2017). Moreover, Ca** also controls CaMKII by Ca’*-bound CaM that releases the
autoinhibition of CaMKII and furthermore induces autophosphorylation and activation of
the kinase (Scholz and Palfrey 1998; Shifman et al. 2006). In both cases, activation results in

phosphorylation and dissociation of the cytosolic SERCA suppressors SLN107 and PLN108,

19 EGF = Epidermal growth factor
1% CaMKII = Calmodulin kinase II
7 SLN = Sarcolipin

1% PLN = Cardiac phospholamban
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which regulate Ca**-influx into the organelle by increasing the Ca**-binding affinity of SERCA
(Shaikh, Sahoo, and Periasamy 2016). Additionally, several luminal factors were shown to
associate with the Ca*-pump and are involved in its activity. Paradoxically, this includes
predominately SR/ER-resident proteins like ERp57, SAR and HRC or the Ca’"-binding
chaperons CRT and CNX; making it difficult to understand how the cis-localizing SERCA
might be regulated from its luminal site (Vandecaetsbeek et al. 2011; Vanoevelen et al. 2005).
Within the cell, several EF-hand Ca*-binding proteins function as Ca**-sensors that
according to structural changes in their Ca*-(un)bound state directly interfere with Ca**-
pumps or ion release channels and therefore play a crucial role in Ca** homeostasis of the
organelle. One example are STIM1%? proteins that oligomerize in the presence of low Ca*
levels in the ER membrane and form a complex together with Oraill1?, which mediates Ca*'-
influx from the extracellular space directly into the lumen of the ER (Gudlur et al. 2018;
Soboloft et al. 2012). CaM on the other hand monitors Ca®* levels individually and can
activate but also inactivate Ca**-release channels through different interaction sites and
conformational states (Kovalevskaya et al. 2013; Shah et al. 2006).

Using a cis-Golgi-localizing FRET-based Ca**-sensor, we could demonstrate that functional
NUCBI is essential for Ca** homeostasis at the cis-Golgi. In contrast, the knockout of the
protein did not affect Ca** levels in the TGN, where no SERCA is expressed (Pacheco-
Fernandez et al. 2020 - Figure 6). Therefore, NUCBI1 could have a similar function as STIM or
another Ca*-binding protein calumenin and activate SERCA via binding to its luminal side
when Ca** levels are low. In line with this, NUCB1 was also observed associated with the Golgi
membrane (Lavoie et al. 2002; Leclerc et al. 2008) and interaction with SERCA could
furthermore explain why NUCBI is annotated as a cis-Golgi-localizing protein, even if it
follows intra-Golgi transport and is partially secreted. After activation of SERCA and the
increasing Ca** concentrations in the cis-Golgi, Ca’* binds to NUCB1 with low aftinity, which
leads to a conformational change of the protein, its dissociation from SERCA and the binding
of cargo molecules like MMP2 or MT1-MMP.

Although Ca**-signaling might play a key role in the activation of both described processes,
this has to be carefully evaluated, as these are highly dynamic and very complex pathways. The
activation of e.g. SERCA is often examined in the context of ER stress and Ca**-initiated

apoptosis, where it interacts with cytosolic p53 to indirectly mediates Ca**-influx into the

1% STIM = Stromal interaction molecule
19 Orail = Ca**-release-activated Ca®*-channel protein 1
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mitochondria via mitochondria-associated membranes (MAM) (Giorgi et al. 2015; Kroemer,
Bravo-San Pedro, and Galluzzi 2015). As a consequence, apoptotic factors like Cyt c111, AJF112
or pc-9113 are released from the mitochondria into the cytosol (Giorgi et al. 2015). To counter
this, the anti-apoptotic proteins Bcl-211% and Hax-I'1> also interact with SERCA on its
cytosolic face and inactivate the Ca**-pump (Foyouzi-Youssefi et al. 2000; Schoneich,
Dremina, and Hewarathna 2017). Therefore, the consequence of Ca** dysregulation can have
disastrous consequences, yet more information is required regarding the regulation of SERCA
activity under steady state conditions. Overall, organelle Ca** homeostasis is meticulously
maintained by a combination of both cytosolic and luminal factors. This also explains why the
behavior of compartments with similar subsets of Ca**-pumps and release channels e.g. the
ER and the cis-Golgi is different upon a given stimulus (Canato et al. 2010; Pizzo et al. 2010;
Yang et al. 2015).

Nevertheless, the activation of the Golgi ATPases SPCA1 and SERCA via cytosolic Ca*'-
signaling and their potential luminal interaction with Fam20C or NUCBI, respectively, would
be an attractive way to regulate transport and sorting of soluble secreted molecules.
Furthermore, Ca**-signaling might have multiple roles in the transport and sorting of NUCB1
and Cab45 clients, as it is also able to activate cytosolic kinases like cPLA2a that are involved
in tube or vesicle formation through lipid modifications (San Pietro et al. 2009; Ward et al.
2012). Altogether, there are numerous ways in which Ca** can regulate sorting and transport
processes of soluble secreted proteins both directly and indirectly. Consequently, there is
much more to understand about the relevance of Ca** in membrane trafficking, which opens

many possibilities for further in-depth investigations.

" Cyt ¢ = Cytochrome ¢

12 ATF = Apoptosis inducing factor

' pc-9 = Procaspase-9

14 Bcl-2 = B-cell lymphoma 2

!5 Hax-I = HS-1 axxociated protien X-1
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5. Concluding remarks and outlook

Within the scope of this thesis we have investigated the two EF-hand Ca**-binding proteins
NUCBI and Cab45, and their role in the intra-Golgi transport and sorting of soluble secretory
cargo molecules. In this regard, our results provide a unique insight into how luminal Ca** in
the Golgi apparatus plays a key role in both of the aforementioned processes. As Cab45 and
NUCBI share similar features, we proposed a common mechanism that relies on the Ca*'-
dependent concentration and retention of cargo molecules followed by their regulated release
upon phosphorylation by Golgi kinase Fam20C.

To prove our model it is imperative to understand the oligomerization behavior of NUCBI.
Similarly to our Cab45 studies, we were able to purify NUCB1 from HEK293 cells, suggesting
we can implement established assays like the microscopy-based oligomerization assay or
native PAGE; but also other methods including dynamic light scattering, analytical
ultracentrifugation or size exclusion chromatography can be used to determine the size of
NUCBI oligomers at different Ca** concentrations. Moreover, structural insights of both EF-
hand proteins would support our understanding of how oligomers form and what functions
they serve in transport and sorting of cargo molecules. Indeed, the effect of NUCBI
phosphorylation by Fam20C on its oligomerization potential will likely reveal further insight
into this process and any similarities with Cab45.

So far, all described membrane transport events require an (in)direct interaction of cargo
molecules with membrane or cytosolic components. Whereas NUCBI1 associates with the
Golgi membrane in an unknown manner, no such interaction was annotated for Cab45.
Therefore, future experiments e.g. via BiolD should investigate how and if both EF-hand
proteins interact with (trans)membrane proteins to mediate transport. Additionally, the use of
in vitro reconstitutions of liposomes or giant unilamellar vesicles (GUVs) can help to
determine if any direct interaction with membrane lipids is taking place. As Cab45 client LyzC
was found to be transported to the PM via CARTS, it might be interesting if the reported SM-
rich vesicles actually are CARTS, positive for Rab6a and Rab8a, and if secretion is further
dependent on PKD and Eg5.

As luminal Ca®* plays an essential role in cargo transport and sorting, another significant
question is how Ca**-influx into the Golgi is regulated. Particularly it would be interesting to
test if NUCBI1 and Fam20C can activate SERCA and SPCA1, respectively, from the luminal

side. Immunoprecipitation experiments with luminal peptides can be used to analyze if there
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is an interaction between the Ca?**-ATPases and the luminal proteins. Additionally, existing
Ca’" and Mn’**-sensors would enable analysis of whether these proteins can specifically trigger
Ca’*- or Mn**-influx.

Overall, answering these fundamental questions would help to understand how the Golgi
apparatus manages to transport and sort soluble secreted proteins in the absence of cargo

receptors, in a Ca**-dependent fashion.
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