
 

 

 

Localization and Function of  

Adaptor Proteins in Post-Golgi Transport 

 

 

Inaugural-Dissertation 

to obtain the academic degree 

Doctor rerum naturalium (Dr. rer. nat.) 

 

 

submitted to the Department of Biology, Chemistry, Pharmacy 

of Freie Universität Berlin 

by 

Alexander Stockhammer 

2024 

 

  



  



I 
 

 

 

I conducted the research for my doctoral studies under the supervision of Prof. Dr. Francesca 

Bottanelli at the department of biology, chemistry, pharmacy of Freie Universität Berlin 

between December 2019 and March 2024. 

 

 

The two reviewers for my thesis are: 

1st reviewer: Prof. Dr. Francesca Bottanelli 

2nd reviewer: Prof. Dr. Helge Ewers 

 

Date of defense: 

03.07.2024 

  



II 
 

  



III 
 

Acknowledgement  

Although a doctoral thesis always appears to be a huge personal accomplishment, this work 

would not have been possible without the help of a group of great people that shall be named 

here.  

Foremost, I need to thank Francesca Bottanelli for giving me the opportunity to work on this 

exciting project and the outstanding supervision I received in the past years. While we certainly 

have not played enough Terraforming Mars, the amount of time we discussed data, projects, 

career opportunities, conferences and complained about reviewers definitely made up for that, 

plus I got my own small lab once we moved out of the basement. The trust and freedom that 

she granted me during my doctoral work allowed me to grow as a scientist and raised my 

enthusiasm for my project in incredible heights. After four years and a GGAntic amount of fun, 

I really adapted to membrane trafficking, and I must say I could not have chosen a better lab. 

Speaking of great places to work, at this point I also want to thank my second supervisor Helge 

Ewers, who opened his lab to me when I was a biochemistry novice and allowed me to stay 

until I finished the master program of FU Berlin. During the time in the Ewers lab, I experienced 

how joyful working in science can be and it inspired me to pursue a career in science; 

apparently people call it ñThe Happy Labò for a reason. I am very happy and grateful that he 

continuously supported me and now reviews my doctoral work. 

I am extremely grateful to all the master students, who were bold enough to trust my 

supervision for several month or even longer. Honestly, this work would not have been possible 

without their contribution. Namely (and chronologically), I want to thank Laila Benz, for 

pioneering the GGA work and for long scientific and not-scientific discussions; Lukas Wiench, 

for staying optimistic although nothing seemed to work for 4 month and also for regular visits 

of the Fuchsbau; Shelly Harel, for all the AP-2 work and the joyful Disney vibes; Vini Natalia, 

for doing way too much work without really needing my supervision and (I guess) also all the 

sarcastic comments that kept me grounded, Carissa Spalt, for basically doing everything I was 

too lazy to do and introducing me to the world of Wordles; Antonia Klemt, for not running away 

after day 1, trying all the stuff I ever wanted to try but did not have the time to, establishing 

KOs and having regular Goldie discussions; Aline Daberkow, for believing in me when I all of 

the sudden wanted to tag the GGAs C-terminally and for being always positive about 

everything. In addition, I also want to thank Alica Grindel, Joy Mejedo and Jelena Mijatovic, 

who joined the small lab for a few months and really helped to keep the projects going. My 

doctors would not have been that much fun without all of them. 

Furthermore, I need to mention the great lab atmosphere that was created by all members of 

the Bottanelli lab. Hence, a big òthanksò to the permanent and long-term lab members: Luis, 



IV 
 

Petia, Carmen, Ellie, Vini, Dolly, Svenja, Anja, Paula, Ece, Giorgia, Gresy, Carissa, Steffen 

and Antonia, for being such good company for lunch breaks, Pizza-Fridays, Abeerior-meetings 

and all other after-lab activities. A special shout-out to the Famiglia lasagna, Gresy Bregu, 

Giorgia Carai and Ando Zehrer, for all the fun, food, movie nights, friendship and time spent 

inside and outside of the Hahn-Meitner-Bau. I also want to thank Jia Hui Li, not only for her 

friendship but also for her inspiring way to do and communicate science. 

I also want to thank Benno Kuropka and Dmytro Puchkov for their indispensable help, without 

them the addition of the MS experiments and the FIB-SEM data would not have been possible. 

Finally, I want to thank my parents Marion und Raimund Stockhammer for always supporting 

and encouraging me. From the bottom of my heart, I also want to thank my girlfriend Sarah for 

her continuous support and love during times whenever I needed it.  

  



V 
 

Declaration of authorship 

Name: Stockhammer  

First name: Alexander 

Title of the thesis: Localization and Function of Adaptor proteins in Post-Golgi-Transport 

I hereby declare that I alone am responsible for the content of my doctoral dissertation and 

that I have only used the sources or references cited in the dissertation. 

 

Date: 

 

Signature:  

  



VI 
 

  



VII 
 

Summary 

To achieve membrane homeostasis, eukaryotic cells employ a complex protein machinery that 

orchestrates cargo flow between the Golgi apparatus, the plasma membrane and different 

classes of endosomes. Adaptor proteins facilitate selection, enrichment, and transport of 

various secretory and endocytic cargoes. Post-Golgi adaptor protein complexes (APs) as well 

as Golgi-localized, gamma-ear containing, ADP-ribosylation factor binding proteins (GGAs) 

are recruited to membranes by the small GTPase ARF1. Once on the membrane they bind 

cargoes and accessory factors, and according to classical models, drive the formation of small 

clathrin-coated vesicular transport intermediates to promote bidirectional transport between 

the Golgi and endosomes. The recent discovery of tubular, ARF1-positve transport 

intermediates decorated by clathrin, made us rethink the classical long-range vesicular model 

and brought us to investigate the function of these compartments in post-Golgi trafficking.  

In this work, I re-evaluated the localization and the function of different post-Golgi adaptor 

proteins in the context of tubular ARF1-transport intermediates. By combining CRISPR-Cas9 

gene editing with interactome mapping and advanced imaging techniques, including live-cell 

confocal and stimulated emission depletion (STED) microscopy as well as correlative light-

electron microscopy, I discovered that ARF1 compartments are a novel class of tubulo-

vesicular endosomal compartments. Importantly, the majority of non-endocytic clathrin and 

different adaptors including AP-1, AP-3 and GGAs localize to segregated nanodomains on 

ARF1 compartments. Settling a debate in the field, I observed that clathrin is only recruited to 

AP-1- but not AP-3-nanodomains. AP-1-nanodomains are found at the interface of ARF1 

compartments and recycling endosomes and AP-1 knock-out (KO) causes the formation of 

long aberrant tubules possessing the identity of both compartments and disrupts cargo flow. 

These findings suggest that AP-1 mediates short-range transport from ARF1 compartments to 

recycling endosomes, possibly via a kiss-and-run mechanism rather than promoting long-

range vesicular transport. Furthermore, I observe transient interaction of AP-1- and GGA-

nanodomains on ARF1 compartments and interactome analysis shows that AP-1 binds most 

of its cargoes only in the absence of GGAs. Thus, GGAs could act as switch in AP-1-mediated 

cargo sorting by regulating cargo-AP-1 interaction. 

Taken together, in this work I re-envision the mechanisms of adaptor-mediated cargo-transport 

and expand our understanding of how proteins are transferred between organelles. AP-1-

mediated cargo hand-over from newly described ARF1 compartments to recycling endosomes, 

redefines the role for AP-1 in post-Golgi transport. My data and recent literature suggest that 

post-Golgi communication occurs via transient interactions between compartments of a tubulo-

vesicular endosomal network. In addition, I present an alternative model for the role of GGAs 

in AP-1-mediated protein sorting, where GGAs control which cargoes are sorted by AP-1.  
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Zusammenfassung  

In eukaryotischen Zellen verantwortet ein komplexes Netzwerk aus Proteinen den Transport 

von Cargo zwischen Golgi-Apperat, Plasmamembran und unterschiedlichen Endosomen, 

wodurch Membranhomöostase gewährleistet wird. Diverse Adaptorproteine organisieren 

Selektion, Anreicherung und Transport von sekretorischen und endozytischen 

Cargoproteinen. So werden Adaptor-Protein Komplexe (APs) und Golgi-lokalisierte, gamma-

ear containing, ARF bindende Proteine (GGAs) von der kleinen GTPase ARF1 zu Membranen 

rekrutiert, wo sie Cargo und akzessorische Proteine binden und, klassischen Modellen nach, 

vesikulären Transport zwischen Golgi und Endosomen ermöglichen. Jedoch hat die kürzliche 

Entdeckung von tubulären ARF1 Kompartimenten, welche vom Vesikelcoatprotein Clathrin 

dekoriert werden, die Frage aufgeworfen, inwiefern das etablierte Modell von Adaptor-

basierten vesikulärem Golgi-Endosom-Transport mit diesen Kompartimenten vereinbar ist. 

Diese Arbeit beschäftigt sich mit der Frage, ob und wie unterschiedliche Adaptorprotein mit 

den neu entdeckten tubulären ARF1 Kompartimenten interagieren. Dazu benutze ich eine 

Kombination aus CRISPR-Cas9 basiertem Genom-Editing, modernen Methoden zur 

Interaktom-Identifizierung und einer Vielzahl fortschrittlicher Mikroskopietechniken, wie super-

hochauflösender lebend-Zell STED-Mikroskopie oder korrelative Licht-und Elektronen-

mikroskopie. Hierdurch ist es mir möglich eine neue klasse von endosomalen Kompar-

timenten, sogenannte ARF1 Kompartimente zu charakterisieren und ihre Funktion im Bezug 

auf post-Golgi Proteintransport zu ergründen. Ich finde unterschiedliche Adaptorproteine wie 

AP-1, AP-3 und GGAs auf segregierten Nanodomänen auf ARF1 Kompartimenten, wobei 

Clathrin ausschließlich zu AP-1 Nanodomänen rekrutiert wird. Bemerkenswerterweise 

befindet sich AP-1 immer am Interface von ARF1 Kompartimenten und Recycling-Endosomen 

und ein AP-1 Knock-out stört den Cargo-Transfer zwischen den Organellen. Ich gehe daher 

davon aus, dass AP-1 nicht wie bisher vermutet, weitreichenden vesikulären Transport, 

sondern viel mehr Cargo-Transfer über kurze Distanzen vermittelt, eventuell über einen Kiss-

and-Run Mechanismus. Des Weiteren beschreibe transiente Interaction von AP-1 und GGA-

Nanodomainen auf ARF1 Kompartimenten. Intraktom-Daten die zeigen, dass viele AP-1 

Cargos nur in der Abwesenheit von GGAs an AP-1 binden, lässt vermuten, dass GGAs die 

Funktion von AP-1 regulieren, und als Switch in AP-1-basierten Proteintransport agieren.  

In dieser Arbeit stelle ich vorhandene Konzepte des Adaptor-basierten Proteintransports in 

Frage und definiere die Rolle von AP-1 in Cargotransferprozessen neu. Meine Ergebnisse 

deuten auf einen alternativen, bisher unbeschriebenen Mechanismus hin, wie GGAs 

Cargoselektion von AP-1 regulieren können. Die hier präsentierten Daten suggerieren im 

Einklang mit aktueller Literatur, dass Kommunikation zwischen post-Golgi Organellen durch 

transiente Interaktionen von einem tubolär-vesikulärem endosomalen Netzwerk stattfindet.  
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1 List of abbrevations 

Abbrevation Meaning 

ADP adenosine diphosphate 

AP adaptor protein complex 

AP/MS affinity purification/mass spectrometry 

ARF ADP ribosylation factors 

BG benzylguanine 

CA chloroalkane 

CCV clathrin-coated vesicle 

CLASP clathrin-associated sorting protein 

CLC clathrin light chain 

CLEM correlative light and electron microscopy 

CME clathrin-mediated endocytosis 

COP coat protein complex 

CRISPR clustered regularly interspaced short palindromic repeats 

DNA deoxyribnucleotide acid 

eGFP enhanced green fluorescent protein 

EM electron microscopy 

EN endogenous 

ENTH epsin N-terminal homology 

ER endoplasmatic reticulum 

ERGIC ER-Golgi intermediate compartment 

FBS fetal bovine serum 

FIB-SEM focused ion beam scanning electron microscopy 

GAE ɔ-adaptin ear 

GAP GTPase-activating protein 

GAT GGA and Tom1 

GDP guanosine diphosphate 

GEF guanine-exchange factor 

GGA Golgi-localized, ɔ-ear-containing, ARF-binding proteins 

GOI gene of interest 

GTP guanosine triphosphate 

HOPS homotypic fusion and vacuole protein sorting 

KI knock-in 

KO knock-out 

LC-MS liquid chromatography-mass spectrometry 
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LFQ label-free quantification 

M6PR mannose-6-phosphate receptor 

MS mass spectrometry 

PBS phoshate buffered saline 

PFA para-formaldehyde 

PIP phosphatidylinositol 

PI3P phosphatidylinositol-3-phosphate 

PI4P phosphatidylinositol-4-phosphate 

PI(4,5)P2 phosphatidylinositol-4,5-bisphosphate 

PM plasma membrane 

RE recycling endosome 

ROI region of interest 

RT room temperature 

RUSH Retention Using Selective Hooks 

SD standard deviation 

SNARE soluble N-ethylmaleimide-sensitive-factor attachment receptor 

SPG spastic paraplegia 

STED stimulated emission depletion 

TEN tubular endosomal network 

Tfn transferrin 

TfR transferrin receptor 

TGN trans-Golgi network 

VHS Vps27/Hrs/Stram 

Vps vacuolar protein sorting-associated protein 

WT wildtype 
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2 Introduction 

2.1 Principles of intracellular communication 

Cells rely on an intricate system of intracellular protein transport and membrane trafficking to 

achieve cellular homeostasis. This system needs to adapt to ever-changing intra- and 

extracellular stimuli by balancing secretion and endocytosis. In mammalian cells, secretory 

and transmembrane proteins are sorted and transported via a complex network of membrane-

bound organelles, including the endoplasmic reticulum (ER), the Golgi apparatus and the 

endo-lysosomal system. From those, the Golgi apparatus and the associated trans-Golgi 

network (TGN) have emerged as major hubs for protein sorting as many trafficking pathways 

diverge at this stage1,2.  

To facilitate correct sorting into the different pathways, cargo adaptors are selectively recruited 

to specific nanodomains, where they are binding selected cargoes and recruit coat proteins, 

such as clathrin, to allow the formation of a transport intermediate3. From the TGN cargoes are 

either transported directly to the plasma membrane (PM)4 or shuttled into the endo-lysomal 

system2, where a different set of cargo adaptors orchestrates transport between lysosomes 

and different classes of endosomes including early endosomes, late endosomes and recycling 

endosomes5. In addition, endocytosed cargoes are also sorted through the endo-lysosomal 

system, where they first reach the early endosome and then are either recycled back to the 

PM through recycling endosomes, transported to the Golgi or are destined for degradation in 

lysosomes6. The plethora of different pathways that intersect in the post-Golgi area requires a 

tightly controlled sorting system that facilitates transport and exchange of contents between 

organelles and directs all cargoes to their correct destination.  

For many years, intracellular transport was believed to mainly occur in small, coated vesicles 

that bud off from a donor organelle and fuse with a target membrane and thus allowing material 

exchange7. This idea was fuelled by the fact, that when imaged as fusion proteins in living cells 

or with antibodies in fixed cells, adaptors and clathrin were found as punctate structures 

throughout the cytoplasm8-11. The most prominent examples of intracellular vesicles are 

clathrin-coated vesicles (CCVs) and COPII-vesicles, with the corresponding mechanisms of 

vesicle formation being well established12,13. CCVs form at the plasma membrane (PM) during 

clathrin-mediated endocytosis (CME) but also at the TGN and at endosomal membranes, while 

COPII-vesicles facilitate anterograde transport from the ER to the Golgi.  

For CME, cargo adaptors are recruited to PI(4,5)P2 (phosphatidylinositol-4,5-bisphosphate)-

positive patches at the plasma membrane where they bind cargo proteins and clathrin to form 

the initial clathrin-coated pit. After the coat has formed, a network of actin drives vesicle 

formation and BAR domain (Bin, amphiphysin and Rvs) proteins constrict the invagination neck 
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and allow fission of the coated vesicle, mediated by the GTPase dynamin. The entire process, 

including the final clathrin-coat disassembly, is controlled through constant changes in the 

phosphoinositide composition of the membrane of the nascent vesicle, which dictates when 

specific proteins can bind14.  

The formation of CCVs on intracellular membrane is tightly controlled by the small GTPase 

ARF1. In a GTP-bound state ARF1 binds to membranes and recruits clathrin adaptors, such 

as adaptor protein complex AP-1. Although the recruitment of AP-1 also depends on the 

presence of cargo proteins and PI4P on the membrane15, ARF1 has been shown to be 

elemental to allow AP-1 to switch into an open conformation that enables binding of cargo 

proteins via the canonical sorting motifs16. In cooperation with other clathrin adaptors, AP-1 

then recruits clathrin to the membrane to form the vesicle coat. Interestingly, in 

ñknocksidewaysò-experiments, where proteins were acutely targeted to mitochondria, several 

clathrin adaptors failed to recruit clathrin onto mitochondrial membranes17,18. These data 

suggest that all tested adaptors may have regulatory switches that prevent clathrin association 

until they are located to the correct membrane. How intracellular CCVs form is not as well-

understood as for CME, but it is likely that AP-1 and ARF1 induce initial membrane curvature 

and once clathrin arrives, the CCV is brought in its final shape19. Moreover, a potential role for 

dynamin in the fission of CCVs from the TGN or endosomal membranes is controversial, as 

several studies pointed towards a contribution of dynamin20-22 but data from in vivo experiments 

rather suggested an exclusive role in endocytic vesicle fission23,24. Furthermore, it has been 

speculated that uncoating of TGN-derived CCVs is coupled to the phosphorylation state of 

AP-125.  

Fusion of vesicles with target membranes is orchestrated by specific molecular machinery 

consisting of membrane tethering complexes and SNARE (soluble N-ethylmaleimide-

sensitive-factor attachment receptor) proteins26. Membrane tethering complexes bind to 

proteins which are present on the vesicular membrane and the target membrane and thus 

tether the two membranes together. Furthermore, the they also provide a platform for the 

SNARE proteins to assemble, which in turn can promote membrane fusion by bringing the 

membranes in close proximity26.  

In contrast to the idea of vesicle shuttling and full-collapse fusion events, alternative transport 

mechanisms were proposed to allow material exchange between compartments. Here, protein 

transport would occur through a kiss-and-run mechanism and transient interaction of two 

organelles27-29. During kiss-and-run events, exchange of material is enabled through the 

formation of a transient pore with putative diffusion barriers which avoid lipid and content 

mixing and allow the compartments to retain their identity. As close proximity of the two 

compartments is required for kiss-and-run events, a tubular-endosomal network (TEN) was 
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envisioned where endosomal compartments would closely interact27. Importantly, different 

secretory and recycling cargoes were described to be trafficked in tubular transport 

intermediates22,30-32, and clathrin as well as the adaptor AP-1 were found to decorate some of 

these tubules33,34. Recently, correlative light and electron microscopy (CLEM) enabled 

visualization of tubular continuities between ER and Golgi35. COPI was found along the tubular 

connections instead of coating separated vesicles, driving the idea that transport between ER 

and Golgi is organized through a tubular network and not via vesicular transport. The other 

coat protein COPII would act exclusively on the neck of ER-exit sites where it mediates cargo 

export35,36. These findings give room for speculations, whether post-Golgi adaptor-mediated 

transport could also be following similar principles and cargo exchange may indeed be 

facilitated by a TEN and kiss-and-run, as ultimately all adaptor complexes are evolutionary 

related and mechanism of action could be conserved37.    

This highlights how little is known about the exact mechanisms of post-Golgi protein transport, 

the nature of the respective transport intermediates and the directionality of the specific 

transport steps. In the following chapters, I will briefly recapitulate what is known about role 

and architecture of different sorting machinery components that organize post-Golgi transport.    
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2.2 Key proteins of the post-Golgi sorting machinery  

2.2.1 Cargo adaptors  

Recognition of cargo proteins and directing them to their intracellular destination are crucial 

steps in intracellular protein transport. A plethora of different cargo adaptors facilitates cargo 

recognition and transport between the Golgi, different classes of endosomes and the PM5 

(Figure 1). Cargo adaptors are selectively recruited to specific membranes, where they collect 

cargoes that carry matching cargo recognition sequences to ultimately cluster and drive the 

formation of a transport intermediate by recruitment of specific coat proteins, such as clathrin3. 

Aside of the larger group of adaptor protein complexes (APs)5 also other adaptors, such 

monomeric Golgi-localized, gamma-ear containing, ADP-ribosylation factor binding proteins 

(GGAs)38, non-canonical clathrin adaptors, such as EpsinR39, and also the pentameric 

retromer complex40 orchestrate distinct trafficking routes by recruitment of a different subsets 

of cargoes.  

 

Figure 1: Trafficking routes of post-Golgi adaptors. 

Diagram of trafficking pathways of different post-Golgi adaptors. EM images showed tubular 

endosomal structures positive for AP-1 and AP-341 but they were not characterized further, hence the 

name ñtubular endosomeò. Figure adapted from Hirst et al.5. 

 

2.2.1.1 Adaptor protein complexes (APs) 

The group of APs consists of five different protein complexes (named AP-1 to AP-5). APs are 

hetero-tetrameric protein complexes that consist of two large subunits (ɓ1-5 and ɔ (AP-1), 

Ŭ (AP-2), ŭ (AP-3), Ů (AP-4), ɕ (AP-5)), a medium subunit (µ1-5) and a small subunit (ů1-5) 

(Figure 2). Some of the subunits occur as multiple isoforms encoded by different genes. For 

example, the µ-subunit of AP-1 exists in two isoforms µ1A and µ1B, and while µ1A is 
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ubiquitously expressed, µ1B is primarily expressed in columnar epithelial cells42, indicating 

tissue-specific AP functionalities. AP-1, AP-2 and AP-3 are conserved from yeast to higher 

eukaryotes, while AP-4 and AP-5 are not present in many model organism including 

Saccharomyces cerevisia5,43. The three conserved adaptors recognize cargoes which carry 

short linear sorting signals, such as a tyrosine-based motif (YXXū (ū being a bulky 

hydrophobic amino acid))44 or a dileucine-based motif ([DE]XXXL[LI])45. The tyrosine-based 

motif is recognized via the µ-subunit while the dileucine-based sorting sequence interacts with 

a combination of two subunits (namely ɔ and ů1, Ŭ and ů2 or ŭ and ů3). In addition, some non-

canonical sorting motifs are recognized by specific APs, expanding the range of recognized 

cargoes for APs without losing specificity. For the different µ1 isoforms of AP-1 in epithelial 

cells it was shown, that a subset of non-conical signals was not efficiently recognized by µ1A 

but found to interact with µ1B46. On the contrary, AP-4 and AP-5 are likely to not use same 

sorting signals as the other APs. For AP-4, an YKFFE sequence was reported to be recognized 

by µ-subunit, and in addition, a couple of non-canonical signals were shown to be required for 

efficient cargo binding to µ447,48. The µ5 subunit lacks the conserved residues to bind YXXū-

signals and up to date, no sorting signal for AP-5 has been identified5. 

All AP complexes share common structural features that are evolutionary conserved49. They 

all consist of a core domain that is formed by all subunits and is responsible for membrane 

localization and interaction with cargoes, and hinge and ear domains from the two large 

subunits, which are required for interactions with coat proteins as well as accessory and 

regulatory proteins50. AP-5 lacks one ear and hinge domain (Figure 2).  

 

 

Figure 2: Architecture of adaptor protein complexes. 

The five adaptor protein complexes (AP-1 ï AP-5) that exist in higher eukaryotes share a hetero-

tetrameric core structure. They all have two ~100 kDa large subunits (ɓ1ï5, and either Ŭ, ɔ, ŭ, Ů, or 

ɕ), as well as one ~50 kDa medium subunit (ɛ1ï5) and one ~20 kDa small subunit (ů1ï5). They 

assemble to an AP core that carries the cargo sorting motifs and confers membrane binding. The 

C-termini of the large subunits consist of hinge and ear domains which carry binding sites for coat 

proteins such as clathrin and other accessory proteins. Figure adapted from Tan & Gleeson2.  
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Interestingly, APs are evolutionary related to another hetero-tetrameric complex, the 

F subcomplex of the COPI coat (F-COPI), which acts in retrograde Golgi-to-ER transport5,37. 

The F-COPI complex also consists of two large, a medium and a small subunit, which all show 

sequence homologies to the AP complex subunits. Although the sequence identity is not more 

than ~10% conserved, the relationship is detectable and structural studies revealed that the 

proteins show similar folds51,52.    

2.2.1.1.1 AP-1 

Between the five complexes, AP-1 is arguably the most indispensable. Absence of the µ1 

subunit in mouse is embryonic lethal53 and more importantly, AP-1 is the only AP that is present 

in all sequenced eukaryotic genomes, indicating a conserved essential role12. Together with 

AP-2, AP-1 was the first of the adaptor complexes to be discovered, as it was found to be a 

major component of clathrin-coated vesicles (CCVs), with AP-2 acting on the PM while AP-1 

was present at intracellular membranes12. AP-1 is one of the best studied APs and the 

molecular mode of action is described extensively in the literature16,54. Membrane recruitment 

of AP-1 is driven by a combination of different interactions with PI4P (phosphatidylinositol-4-

phosphate), cargo proteins and most importantly with members of the ADP ribosylation factor 

(ARF) family of small GTPases, particularly ARF115,16,55. After recruitment by ARF1, AP-1 

undergoes a larger conformational change by switching from a closed state into an open state 

confirmation. In the open state confirmation, binding sites for the tyrosine-based motif and the 

dileucine-motif are exposed, allowing for cargo selection and cargo binding16.  

Interactions with various accessory, regulatory and other adaptor proteins were shown for the 

large subunits of AP-156-58. AP-1 binds clathrin via its ɓ-subunit and the association with clathrin 

seems to be regulated via a phosphorylation cycle, where dephosphorylation by the 

phosphatase PP2A leads to removal of the clathrin coat25. Moreover, AP-1 interacts with other 

adaptors of the GGA family as well as EpsinR via binding sites in the ɔ-subunit, suggesting 

cooperative working modes of these adaptor families with AP-157-59. The interaction of GGAs 

with AP-1 will be discussed to a greater extend in a later chapter. In addition, AP-1 was shown 

to bind the PI4-Kinase PI4K2ɓ, coupling PI4P production to AP-1 localization60. AP-1 also 

directly interacts with all members of the aftiphilin/HEATR5B/ɔ-synergin complex8,61, which is 

required for correct AP-1 function and localization but its mode of action is poorly understood. 

Lastly, AP-1 was shown to interact with Rabaptin-5 , which forms a complex with Rabex-5, a 

guanine exchange factor (GEF) for Rab558.  

Initially, AP-1 was thought to act in cargo transport from the TGN to endosomal membranes 

as it was found to be recruited to the Golgi/TGN membranes54,62. However, AP-1 was also 

reported to localize to different endosomal membranes such as early or recycling 

endosomes63-65, and immuno-electron microscopy images show AP-1 together with clathrin 
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and AP-3 on tubulo-vesicular endosomes41,66. These findings, led to the idea that AP-1 would 

act in a bi-directional manner, shuttling various cargoes between Golgi and endosomal 

membranes12,17,67. In addition, AP-1 was proposed to act in intra-Golgi recycling in yeast by 

retrieving proteins to earlier cisterna68. In polarized epithelial cells, expression of the µ1B 

subunit adds another layer of complexity to AP-1 mediated trafficking. It is known that different 

cargoes are sorted by the two isoforms, but they were reported to localize to the same 

membranes46 and the trafficking pathways of AP-1B (AP-1 with µ1B subunit) are even less 

understood than the ones of AP-1A69. 

2.2.1.1.2 AP-2  

AP-2 is the only AP that locates to the PM, where it collects cargoes for endocytosis to be 

packaged into CCVs. Recruitment of AP-2 to the PM is primarily driven by the presence of 

PI(4,5)P2
70, and while ARF6 was suspected to contribute to the membrane recruitment71, the 

general presence of an ARF does not seem to be required for proper AP-2 action.  

Similar to AP-1, AP-2 recruits several accessory and regulatory proteins involved in CME via 

its appendage domains, which serve as hub for divers interactions72. Among these proteins 

are other adaptors, such as the phosphatidylinositol clathrin assembly lymphoid-myeloid 

leukaemia (PICALM) adaptor protein73 or Epsin1 and Epsin2, proteins involved in fission, such 

as the small GTPase dynamin-1, and proteins that drive vesicle uncoating, such as 

synaptojanin72. Like AP-1, AP-2 interacts with clathrin via the ɓ-subunit. Cargo recognition of 

AP-2 is enhanced by phosphorylation of the µ2-subunit, and it is assumed that phosphorylation 

of AP-2 general confers and controls the formation of endocytic CCVs74,75. AP-2 also 

undergoes a conformational change from a closed to an open state to fully engage with 

cargoes, membrane and clathrin76. In contrast to AP-1, the conformation change of AP-2 is 

purely driven by interaction with cargo proteins.  

2.2.1.1.3 AP-3 

The third adaptor protein complex AP-3 is, similar to AP-1, recruited to intracellular membranes 

by ARF177. The presence of cargo proteins and PIPs on the membrane further enhances 

membrane recruitment of AP-343. In contrast to AP-1, AP-3 does not seem to require ARF1 to 

recruit cargo proteins via the canonical sorting motifs as it seems to be in an inherent open-

state confirmation43.  

Between the three APs, which are conserved from yeast to human, the intracellular function of 

AP-3 is the least understood. In yeast, an AP-3-dependent pathway (the alkaline phosphatase 

(ALP) pathway) from the Golgi to the vacuole was described78. However, in mammalian cells, 

the role of AP-3 is not as precisely defined. AP-3 was found on the Golgi and together with 

AP-1 on tubular endosomes10,41, therefore trafficking pathways either from the Golgi to 
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endosomal membranes or between endosomes were envisioned for AP-3. In addition, it was 

shown that the µ3 subunit exhibits binding affinities to proteins which are associated to 

lysosomes or lysosome-related organelles, such as the lysosome-associated membrane 

glycoproteins 1 and 2 (LAMP1 and LAMP2) as well as CD6379, linking AP-3 to lysosomal 

sorting. Moreover, AP-3 was connected to the trafficking of tyrosinase, an enzyme which 

catalyzes the first step in melanin synthesis and thus AP-3 was linked to protein trafficking to 

the melanosome63. A role in melanosome-trafficking is supported by the fact that deficiency of 

AP-3 leads to pigmentation defects80. 

Although clathrin has been proposed to act as coat protein on AP-3-membranes10,81, it is 

debated whether AP-3 in vivo uses a clathrin coat like AP-1 or AP-2. Although the clathrin 

binding site in the appendage domain is conserved, several studies found AP-3 carriers devoid 

of clathrin82,83. In yeast, AP-3 trafficking is clathrin-independent and instead the vacuole protein 

sorting- associated protein 41 (Vps41) subunit of the homotypic fusion and vacuole protein 

sorting (HOPS) tethering complex was speculated to act as a coat for AP-3, as it shares 

homologous region with clathrin heavy chain84. Later it was shown that Vps41 preferentially 

binds AP-3 in the context of the entire HOPS complex rather than as monomer, suggesting 

AP-3 uses HOPS to tether to late-endosomal and lysosomal membranes85. To conclude, it is 

not known whether AP-3 requires a coat protein for its function, and in case it does, it is unclear 

if that coat protein is clathrin or another, yet-to-be-identified protein.  

2.2.1.1.4 AP-4 

The adaptor complex AP-4 was discovered later than AP-1, AP-2 and AP-3, which is likely due 

to its low abundance (~30-fold lower expression than AP-1 in HeLa cells)86. Moreover, AP-4 

and the even later discovered AP-5 are not present in several of the major model organisms 

used to study membrane trafficking including Saccharomyces cerevisiae87,88, presumably due 

to gene loss. As AP-1 and AP-3, AP-4 is also recruited by the small GTPase ARF1, but was 

reported to be exclusively recruited to membranes of the TGN87,89. AP-4 does not use clathrin 

as coat protein and may rely instead on mesh-builders such as Tepsin, which is recruited to 

the TGN by AP-4 is able to cross-link multiple AP-4 hetero-tetramers, thus contributing to AP-4 

coat formation90.  

AP-4 has only been linked to a very limited set of potential cargo proteins. The most prominent 

cargo of AP-4 is the autophagy related protein ATG9A, which is the sole transmembrane 

protein of the autophagosome-forming machinery91. Depletion of AP-4 leads to accumulation 

of ATG9A in the TGN and export to a pre-autophagosomal structure is inhibited, indicating a 

role for AP-4 in TGN export.  
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2.2.1.1.5 AP-5 

Among the adaptor complexes, AP-5 is arguably most odd one, which might explain why it 

was not found until 2011, almost 40 years after the discovery of AP-1 and AP-25. In its native 

form, AP-5 exists as a hetero-hexamer rather than a hetero-tetramer88, but it is still predicted 

to be structural similar to other APs. The two additional subunits spastic paraplegia 15 (SPG15) 

and spastic paraplegia 11 (SPG11) are needed to stabilize the AP-5 complex and allow 

membrane association5. It is speculated that these two proteins might act as the AP-5 coat 

because alike AP-4, AP-5 does not interact with clathrin. This idea is fuelled by the fact that 

both SPG-proteins share structural similarities with clathrin and COPI5. 

AP-5 localizes to membranes of late endosomes and lysosomes and is speculated to be 

involved in retrieval of proteins from these membranes to the Golgi, although the precise 

cargoes remain elusive88. How AP-5 associates with membranes is also not fully understood, 

but it is speculated that SPG15 facilitates docking to PI3P (phosphatidylinositite-3-phosphate)- 

enriched membranes.  
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2.2.1.2 Golgi-localized, gamma ear-containing, ARF-binding proteins (GGAs) 

Another group of TGN-associated cargo adaptors are the GGAs (pronounced ñGigasò). In 

mammalian cells, the group consists of three monomeric proteins (GGA1, GGA2 and GGA3), 

that share a common domain structure. They were originally discovered in a yeast two-hybrid 

screen using ARF3 as a bait92, but are also reported to interact with ARF193. In addition, they 

were found to localize the TGN and possess a domain that is homologous to the ear domain 

of the ɔ subunit of AP-1, hence they were name Golgi-localized, gamma ear-containing, ARF-

binding proteins92.  

All GGAs share four functionally conserved domains, a VHS (Vps27/Hrs/Stram), GAT (GGA 

and Tom1), hinge and a GAE (ɔ-adaptin ear) domain94 (Figure 3). The VHS domain allows 

recognition of acidic dileucine sorting signals (DxxLL) of cargo proteins. Interestingly, such a 

dileucine motif is also found in the hinge domain of GGA1 and GGA3 and is thought to have 

regulatory, auto-inhibitory function95. When transferred to GGA2 the motif also acts auto-

inhibitory95. As phosphorylation upstream of the dileucine motif increases the interaction with 

VHS domain, it is speculated that a serine-phosphorylation site in the hinge region might act 

as an on-off switch for auto-inhibition95. The GAT domain enables membrane association of 

GGAs through interaction with PI4P and ARFs96. Furthermore, the GAT domain of GGA1 and 

GGA3 is reported to recognize ubiquitin, driving speculations about transport of ubiquitinylated 

proteins by GGAs97. The hinge region of the GGAs is the least conserved domain, is predicted 

to be largely unstructured and greatly varies in length (between 150 and 280 amino acids)92. 

One of the most important features of the hinge domain is the presence of one (GGA1 and 

GGA3) or two (GGA2) clathrin binding sites98. Interaction with clathrin has been shown in vitro, 

where clathrin was pulled down either via hinge or GAE domain99 and in vivo when clathrin 

recruitment to the TGN was impaired upon overexpression of truncated GGA construct, that 

lacked ability to bind clathrin99. In addition, the hinge region has also been shown to interact 

with the ɔ subunit of AP-1100 . Other accessory proteins, such as the adaptor EpsinR, aftiphilin 

and ɔ-synergin (both part of aftiphilin/HEATR5B/ɔ-synergin complex), the AP-1 recruitment 

factor gadkin as well as Rabaptin-5, bind to the GAE domain of the GGAs94. The interaction of 

Rabaptin-5 with GGAs could be of particular important for the GGA function as it not only 

interacts with the GAE but also with GAT domain and Rabaptin-5-association reduces clathrin 

binding to GGAs hinge region101.  

So far it is not understood, why three different GGA proteins are expressed in mammalian cells 

as they seem to have redundant physiological functions. To get a better understanding of GGA 

function and relevance, knock-out (KO) mice and cell systems have been employed. KO of 

GGA2 or dual KO of GGA1 and GGA3 in mice led to increased neonatal lethality or growth 

failure, while single KO of GGA1 or GGA3 causes no obvious phenotype102,103. These results 
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suggest, that the loss from either GGA2 or both GGA1 and GGA3 cannot be compensated by 

other GGAs, pointing towards separate roles for GGA2 and GGA1/GGA3. In cultured cells, 

only a triple KO of all GGAs exhibited strong trafficking defects of the potential GGA cargoes 

cathepsin D and mannose-6-phosphate receptor (M6PR), while KO of GGA2 showed modest 

alterations104.  

Localization studies in fixed cells have shown that GGAs co-localize to a large extend and 

cross-linking experiments have shown that GGAs interact with each other and form complexes 

on membranes105. Therefore, it is likely that GGAs act together in sorting events and have at 

least partly redundant functions in protein sorting. Moreover, in less complex model organisms, 

such as yeast, only two GGA proteins are present, indicating that a third GGA might have 

become necessary upon the increasing complexity and development of specialized cell types. 

Thus, studies in specialized cells could be beneficial for understanding GGA function.  

 

Figure 3: Domain organization of GGAs. 

(A) Domain organization of GGA1, GGA2 and GGA3. All GGAs share a common domain structure 

and consist of a VHS domain for cargo recognition, a GAT domain that allows membrane association 

through ARF1, a hinge domain which binds clathrin and a GAE domain which provides a hub for 

several accessory proteins. (B) Sketch of how GGAs bind membranes, cargoes and clathrin. Figure 

adapted from von Einem et al.106. 

 

2.2.1.2.1 GGA interaction with AP-1 in cargo sorting 

The interplay of AP-1 and GGAs in cargo sorting has been discussed in the literature 

extensively and models on how they act and interact were revised multiple times over the past 

decades12,17,59,107. The C-terminal GAE domain shares, as the name suggest, many 

functionalities and interactors of the ɔ subunit of AP-1. Furthermore, the cargoes that are bound 

from GGAs via the dileucine DXXLL motif are also recognized by AP-1, begging the question 

whether AP-1 and GGAs have overlapping roles and how they act in cargo transport12. A direct 

interaction of AP-1 and GGA via the hinge region of GGAs with the AP-1 ɔ-ear domain was 

reported, further strengthening the idea of both proteins acting together in transport of specific 

cargo proteins58. At least in yeast, there is some functional redundancy for both proteins, as 
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KO of either GGAs or AP-1 only causes mild defects in endosomal sorting, but KO of both 

severely compromises cell viability12. In the past years, several models were proposed on how 

AP-1 and GGAs may act in intracellular sorting (Figure 4A-B)17,94,107. These models include 

suggestions, where GGAs and AP-1 would act independently from each other in the formation 

of CCVs (Ai and Aii) or would drive CCV formation together (Aiii). However, a model where 

GGAs form CCVs independently (Ai) seems rather unlikely as GGA incorporation into CCVs 

was reported to be dependent on AP-117. Generally, packing of GGAs into CCVs might be 

most applicable to GGA2, as it was the only GGA found highly enriched in CCVs17, which could 

be mediated by the second clathrin-binding domain of GGA2 that both GGA1 and GGA3 lack. 

In addition, a model was proposed in which GGAs collect cargo first and then hand the cargo 

over to AP-1, for it being packaged into CCVs (Aiv)100. This mechanism depends on the auto-

inhibition of GGA1 and GGA3, as it was proposed that an AP-1-associated casein kinase 

phosphorylates the serine in the hinge region, so that the auto-inhibitory site can bind the 

sorting motif and cargo is released from the GGAs. Additionally, a model was presented, in 

which GGAs would act together with AP-1 in transport from the Golgi to endosomes and AP-1 

alone would facilitate retrograde transport (Bi)17. This model could include packaging 

mechanisms as suggested in Aii, Aiii or Aiv. Most recently, a revised version of this model was 

proposed, which suggests that GGAs alone would facilitate transport from the Golgi to 

endosomes and AP-1 would only act in retrograde endosome-to-Golgi transport (Bii)107.  
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Figure 4: Different models on how GGAs and AP-1 could act in post-Golgi transport.  

(A) GGAs and AP-1 could act independently in transport and packaging of cargo into transport 

intermediates (i-ii) or could sort cargo through shared transport carriers (iii). Alternatively, GGAs could 

bind and then transfer cargo to AP-1, for it to be packaged with AP-1 into transport intermediates (iv). 

(B) Models regarding directionality of AP-1- or GGA-mediated transport. GGAs and AP-1 could act 

cooperatively in anterograde transport from the TGN, while AP-1 would facilitate retrograde transport 

from endosomes back to the TGN (i). It is also possible that GGAs alone would facilitate sorting of 

hydrolases from the TGN to endosomes, while AP-1 acts exclusively on endosomes to retrieve them. 

Figure adapted from Uemura & Waguiri94 and Robinson et al.107. 

 

2.2.1.3 EpsinR 

EpsinR also known as CLINT1 or epsin4 is a monomeric adaptor of the Eps15-interacting 

proteins (epsin) family, which acts together with AP-1 and clathrin in intracellular protein 

sorting. Epsins are a subgroup of clathrin-associated sorting proteins (CLASPs) and are 

defined by the presence of an epsin N-terminal homology (ENTH) domain at their N-terminus. 

EpsinR stands for epsin-related, and the name was chosen as epsins were originally 

discovered to act in endocytosis together with AP-2. While animals and fungi, express in 
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addition to EpsinR also the ñconventionalò epsins, lower eukaryotes, such as C. elegance, only 

express in single type of epsin, which acts in both AP-1 and AP-2 pathways108.  

Interaction of EpsinR with its cargo, the SNARE protein vti1b, is provided via the N-terminal 

ENTH domain109, which is followed by a long unstructured region containing binding sites for 

AP-1 and clathrin110. In addition, to cargo binding, the ENTH domain also enables membrane 

association as it is able to bind PI4P on membranes111. Additionally, EpsinR can bind 

membranes also via a short N-terminal amphipathic helix111. EpsinR was found to co-localize 

with AP-1 in cells57 and to be enriched in CCV produced at the TGN17,57, indicating that both 

proteins act together in transport. It was also reported that EpsinR could bind two AP-1 

complexes simultaneously, giving it the ability to create AP-1 clusters on membranes57. 

Interestingly, EpsinR competes with the AP-1 recruitment factor gadkin for a binding site in 

bind the ɔ subunit of AP-1. Gadkin provides a link to the cytoskeleton through interaction with 

the motor protein kinesin-1 and the actin-nucleating ARP2/3 complex112,113. However, it is not 

understood how EpsinR and gadkin function could be related and if the competition over AP-1-

binding has a physiological relevance. Overall, the physiological role of EpsinR is poorly 

understood, as depletion of EpsinR did not show a striking phenotype other than redistribution 

of vti1b to endosomes109,110.  

2.2.1.4 Retromer 

The retromer adaptor complex is rather a protein coat that assembles on endosomal 

membranes, where it drives tubule formation and facilitates the return of specific trans-

membrane proteins to either the TGN or the PM114. Originally described in yeast as a hetero-

pentameric complex115, it is now understood that in mammalian cells a trimeric core complex 

consisting of VPS26, VPS29 and VPS35 interacts with different sortin nexins (SNX) to facilitate 

protein sorting114. It is recruited to early and late endosomal membranes by interaction with 

distinct phosphoinositides (namely PI3P, PI3,5P2) which are bound through the SNX portions 

of the complex114. It is speculated that the SNX composition of the retromer complex modifies 

which cargo proteins are accepted from retromer116. The retromer complex was first described 

as a recycling complex that organizes endosome to TGN transport, but since then has been 

shown to also act in recycling to the PM and within the endosomal network117. Nowadays, it is 

widely accepted that retromer acts in various sorting steps within the endo-lysosomal system 

in different compositions using the same trimeric core.  
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2.2.2 ARF GTPases 

Many of the discussed adaptors are recruited by members of the family of ADP-ribosylation 

factor (ARF) GTPases38,54,77,118. Over the past years, ARFs have emerged as master regulators 

of membrane trafficking as many sorting steps between ER, Golgi and PM are regulated by 

ARF activity119,120. They can be classified into three types based on sequence similarity, type I 

ARFs (ARF1-3, humans lacking ARF2), type II (ARF4 and ARF5) and type III (ARF6). 

The association of ARFs with membranes and effectors is controlled via their GTPase cycle. 

ARFs are loaded with GTP by GTP exchange factors (GEFs), while GTPase-activating 

proteins (GAPs) enhance their inherent GTP hydrolysis activity (Figure 5). General membrane 

association might be provided via an N-terminal myristolization, but upon GTP-binding an 

N-terminal amphipathic helix is exposed, stabilizes ARFs on membranes and plays an active 

role in the generation of membrane curvature121. It has been speculated that the myristolization 

prevents GDP/GTP exchange until it is integrated into a membrane, thus only allowing ARF 

activation, once initial membrane association is given122. The most important GEFs for ARFs 

are GBF1, BIG1 and BIG2123. While GBF1 acts more on the early secretory pathway at ER 

and Golgi membranes, BIG1 and BIG2 operate on TGN and endosomal membranes123. The 

recruitment of ARF GEFs to membranes likely depends on interaction with other small 

GTPases, such as Rab1 in case of GBF1123, and on phospholipids present on the membranes 

as all ARF GEFs carry PIP-binding domains124. The group of ARF GAPs is larger and their 

function is less well understood. It is speculated that the role of ARF GAPs goes beyond simple 

ARF inactivation to own functions of GAPs as ARF effectors in cytoskeletal remodeling and 

coat formation123.  

ARFs act on different membranes where they recruit various adaptors, drive membrane 

curvature and membrane tubulation, and most importantly act as regulatory switches in many 

trafficking events. The most studied and probably most diverse ARF is ARF1. ARF1 was found 

on all cisterna of the Golgi, the TGN and on tubular compartments which are either decorated 

with clathrin or COPI33,119. Intriguingly, the other human type I ARF, ARF3, is only present on 

the TGN and decorates the same tubular post-Golgi-compartments as ARF1119, suggesting 

overlapping roles for both type I ARFs in post Golgi-trafficking but a separate role for ARF1 in 

retrograde ER-Golgi transport and formation of COPI vesicles. It was shown that a 

simultaneous depletion of ARF1 and ARF3 impaired PM recycling of transferrin, indicating a 

role in the recycling pathway for class I ARFs125. ARF3 and ARF1 share 96% sequence 

homology and only differ in seven amino acids, but it has been shown that membrane 

association of ARF3 is more sensitive to temperature as it redistributes at 20°C from the TGN 

to a cytosolic state126. Moreover, knockdown of BIGs also only redistributes ARF3 but not 

ARF1126. These data suggests a special function for ARF3 in post-Golgi transport that is not 
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shared with ARF1. Importantly, ARF1 has been found to recruit many of the before-mentioned 

adaptors, including AP-1, AP-3, AP-4, GGAs and also COPI38,54,77,118,127, and is crucial for their 

ability to interact with cargo proteins. Many of the post-Golgi adaptors are also reported to 

interact with ARF392,118, while COPI on the other hand can be also recruited by the type II 

ARFs, ARF4 and ARF5127. Both ARF4 and ARF5, have been reported to exclusively act in 

transport between the ER to the Golgi, where they were found to be enriched on ER-Golgi 

intermediate compartments (ERGICs) which are tethered to the cis-Golgi and are devoid of 

ARF1119. In addition, type II ARFs localize to COPI-positive, peripheral ERGICs together with 

ARF1, but populate segregated nanodomains, indicating separated roles for ARF1 and type II 

ARFs119. Recent findings, showing remodeling ARF4 tubules around COPII-decorated ER-exit 

sites128, suggesting a role of ARF4 in anterograde ER to Golgi transport, while ARF1 would 

rather act retrograde. ARF6, the sole member of type III ARFs, was found on endosomal 

structures and at the PM, where it modulates endocytosis and recycling back to the PM120. 

ARF6-mediated recycling is likely to be driven via recruitment of the PIP-kinase PIP5K1C that 

enables production of PI(4,5)P2, which in turn enables tethering of endosomal membranes to 

the PM129.  

ARFs have been shown to drive membrane curvature and tubule-formation in their GTP-bound 

state121,130. Membrane curvature is created by the N-terminal amphipathic helix, and mutations 

in the helix impair their ability to bend membranes130. To accumulate enough proteins to 

generate local curvature on intracellular cells, ARFs need to be cross-linked and clustered. 

Here, the interaction of ARF1 with adaptors was shown to be sufficient to bend membranes 

and generate long membrane tubes in vitro and in living cells, unexpectedly clathrin was not 

required for this process19. 

 

Figure 5: GTP/GDP-cycle of ARFs. 

Guanine nucleotide-exchange factors (GEFs) stimulate release of GDP and thus allow ARFs to bind 

the more abundant GTP. Upon binding of GTP ARFs undergo a conformational change and an 

amphipathic N-terminal helix is exposed that stabilizes ARFs on membranes. In the GTP-bound state 

ARFs also interact with numerous proteins called effectors including different adaptor proteins and 

lipid modifying enzymes. GTPase-activating proteins (GAPs) facilitate GTP hydrolysis thus triggering 

another conformational change and causing dissociation of ARFs from membranes. 
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2.3 Methods to study intracellular trafficking in the native cellular environment  

To understand the intracellular function of a protein and to study mechanisms of transport, 

knowledge of its intracellular localization, environment and dynamics are indispensable. As a 

method of choice to study intracellular protein localization, chemical fixation is often used to 

immobilize the sample. However, immobilization prevents visualization of molecular dynamics 

and cellular processes in real time. Moreover, the use of fixation agents may induce artifacts, 

permeabilization agents disrupt membranes and the fixation of membrane proteins is overall 

challenging131-134. Thus, to study membrane trafficking processes and associated proteins, 

methods that do not disrupt the native cellular environment and are applicable to living cells 

are desirable.  

2.3.1 Live-cell super-resolution microscopy 

Studying localization and dynamics of a given protein in living cells using microscopy-based 

techniques is challenging, as detection requires labeling of the protein with a fluorophore or 

the protein needs to be fluorescent on its own. While in fixed cell conditions, specific antibodies 

can be used to deliver the fluorophore, antibody labeling in living cells is restricted to proteins 

on the cell surface135. Instead, to visualize specific proteins inside the living cell, typically a 

fusion of the protein with a fluorescent protein tag, such as GFP, is expressed. In recent years, 

labeling enzyme tags, including HaloTag and SNAP136,137, were established as an alternative 

to fluorescent proteins when probing intracellular protein localization. Labeling enzymes react 

in the native cellular environment with small molecule probes, which are functionalized with a 

specific chemical moiety that acts as substrate for the labeling enzyme (chloroalkane (CA) for 

HaloTag and benzylguanine (BG) for SNAP) (Figure 6). Therefore, they enable the use of 

organic dyes which are superior in their performance over fluorescent proteins, as they usually 

possess a higher photostability and brightness138,139. Other techniques for live-cell labeling 

include the use of specific ligands or drugs which are conjugated with a fluorophore, and bio-

orthogonal click-chemistry where non-canonical amino acids are employed to enable the 

introduction of a minimal labeling tag140. As these techniques are either restricted to a very 

selective set of mostly cytoskeletal proteins (specific probes) or are still in the stage of proof-

of-principle experiments (bio-orthogonal click chemistry), the use of labeling enzyme tags and 

fluorescent proteins is preferred to detect specific proteins in living cells with light microscopy. 

Although the resolution of a standard fluorescence microscope is sufficient to address 

numerous biological questions, in some cases the diffraction-limited resolution barrier of 

roughly 250 nm141, needs to be overcome. For example, the diameter of intracellular vesicles 

(CCV or COPI vesicles) and endosomal tubules or the distance between Golgi cisterna are 

below 100 nm142-144. To study proteins localizing to these structures efficiently, microscopy 

techniques that overcome the diffraction-limit are required. Among the super-resolution 
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microscopy techniques, stimulated emission depletion (STED) microscopy has established 

itself as the most useful tool to study dynamic processes in living cells140. Being based on a 

confocal scanning microscope, STED allows fast and direct imaging with a lateral resolution 

of below 50 nm and an axial resolution of 100 nm in living cells without the need for post-

processing145. To achieve super-resolution, a donut-shaped depletion laser beam is used to 

switch fluorophores into a non-emitting state which are not in the center of excitation. In 

addition, multi-color STED, which is necessary for investigating intracellular processes with 

improved resolution, has been implemented138. Here, multiple fluorophores are depleted with 

the same depletion laser, requiring pairs or groups of fluorophores that are distinguishable by 

excitation and emission wavelength, but can still be depleted with a single depletion laser 

beam. Combination of organic dyes which are excited in the orange (570-590 nm) and red 

(~650 nm) range, as well as combination with large-stoke shift dyes have been shown to be 

practical for multi-color STED experiments with a 775 nm depletion laser140. In the past few 

years, the pool of available dyes and probes for STED microscopy grew146,147, and with it also 

the applicability of the technique to address biological questions.   

 

 

Figure 6: Reactions of self-labeling enzymes.  

(A) After addition of a the chloroalkane (CA) substrate, HaloTag forms a covalent bond in the native 

cell environment and allows for covalent labeling of a HaloTag fusion protein in living cells. (B) Live-

cell labeling of SNAP-tag fusion proteins occurs through covalent attachment of a benzylguanine-

substrate.  

 

2.3.2 Proximity labeling 

In many cases, knowledge of the intracellular environment and interacting proteins is crucial 

when trying to understand the biological role of a protein of interest. In recent years, biotin-

based proximity labeling approaches have emerged as a tool to map protein-protein 

interactions in living cells and organisms148,149. In comparison to classic affinity-

purification/mass spectrometry (AP/MS)-based approaches, biotin-based proximity labeling 

occurs in the native cellular environment and enables detection of weak or transient 

interactions which are unlikely to be captured by traditional approaches. The proximity labeling 
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is carried out by specific enzymes that are genetically fused to the protein of interest, and upon 

addition of biotin, catalyze the formation of a reactive biotin species which labels nearby 

proteins (labeling radius 1-10 nm)150,151. The biotinylation provides a chemical moiety that can 

be used as a handle for enrichment using streptavidin and subsequent identification of 

enriched proteins (Scheme is depicted in Figure 7). 

 

 

Figure 7: Workflow of proximity labeling experiments.  

Expression of labeling enzyme fusion allows for selective biotinylation of proteins in the vicinity of the 

fusion protein. After cell lysis and protein denaturation, biotinylated proteins are affinity purified and 

can be analyzed by mass spectrometry. Figure adapted from Roux et al.152. 

 

Labeling enzymes can be divided into two groups, biotin ligases and engineered peroxidases, 

based on their catalyzed reaction149. Biotin ligases use biotin and ATP as substrate to create 

biotinoyl-5-adenylate which in turn reacts with available lysine residues153. On the contrary, 

peroxidases produce a reactive radical species from biotin-phenol and hydrogen peroxide, that 

labels free tyrosine residues154. Both types of labeling enzymes come with advantages and 

disadvantages. While labeling with biotin ligases only requires non-toxic, highly soluble biotin 

itself, peroxidases need hydrogen peroxide for the reaction which is toxic and causes oxidative 

stress. However, the peroxidase reaction has favorably fast labeling kinetics and the reaction 

happens in the time frame of several seconds155. Proximity labeling with biotin ligases requires 

longer labeling times between minutes and several hours152,156.  

The group of engineered peroxidases consists of APEX and APEX2, which was derived from 

APEX using directed evolution151,155,157. Biotin ligases are a much more diverse group of 

enzymes, with BioID being the first labeling enzyme described in the context of proximity-

based interactome mapping in 2012152. The labeling kinetics of E.coli-derived BioID were 

improved through directed evolution by the Ting lab, leading to the development of TurboID 
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and miniTurboID, a truncated variant of TurboID156. The improvement of labeling kinetics for 

the TurboID variants reduced labeling time up to 10 min (from 18-24 h for BioID). Up to date, 

the TurboID variants, BioID and APEX2 are the most used labeling enzymes for proximity 

labeling. Aside of the BioID variants also other biotin ligases were described including smaller 

variants found in other organisms which were called BioID2 and BASU158,159. Most recently, an 

even more compact and faster variant of the BioID2 was developed, named ultraID which is 

reported to be as efficient as TurboID while having a lower background biotinylation activity160. 

Together with a light-regulated version of the TurboID that enables spatial and temporal control 

of TurboID161, and split versions of APEX2, BioID and TurboID which can be employed to 

achieve context-dependent biotin labeling162-164, one can chose from a large array of labeling 

enzymes when designing a proximity-based biotinylation experiment.   
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3 Aims of the thesis 

Despite significant advances in identifying sorting machinery components and mechanisms 

involved in cargo-recognition and transport, little is known about the nanoscale organization of 

adaptor proteins and the dynamics of adaptor-mediated cargo transfer between post-Golgi 

organelles. The recent identification of ARF1 compartments which are decorated with clathrin 

nanodomains33,119 made us re-evaluate the dynamics of post-Golgi machinery and the 

mechanisms of cargo exit from the TGN. In this work, I have set out to elucidate the role of 

different adaptors in post-Golgi protein sorting and transport. To decode mechanisms of 

adaptor-mediated sorting, a better understanding of the spatio-temporal dynamics of different 

adaptors, coat proteins and cargoes is as essential as knowledge of the immediate molecular 

environment. Investigation of dynamics and sorting processes in living cells is challenging, as 

non-physiological expression levels may alter distribution and behaviour of the protein as well 

as affect the processes under investigation. Therefore, I have harnessed CRISPR-Cas9 

technology to endogenously tag post-Golgi sorting machinery components with the self-

labeling enzymes SNAP and HaloTag or fluorescent proteins to localize them in living cells. In 

addition, I employed labeling enzymes to map potential interactors and cargoes of specific 

post-Golgi adaptors with mass spectrometry. In more detail I have addressed the following 

questions: 

1. What is the role of APs in clathrin-mediated transport? 

The two adaptors, AP-1 and AP-3, are both recruited by ARF1, found on the same tubulated 

membranes and both are reported to use clathrin as a coat41,56,62,77,81. In light of the recent 

discovery of tubular ARF1 compartments decorated with clathrin nanodomains33,119, this made 

me wonder to which extend APs can be found on these ARF1 compartments and what role 

they fulfil on these membranes. Therefore, I have endogenously fused imaging tags to the 

µ-subunit of the APs, as well as clathrin and ARF1, to test their localization in respect to each 

other in living cells. I have performed fast confocal and live-cell STED imaging experiments to 

understand the nanoscale organization and dynamics of ARF1 compartments and associated 

machinery. Furthermore, I have employed correlative light and electron microscopy (CLEM) to 

reveal the underlying membrane structure of ARF1 compartments. With the generated tools in 

hand, I was able to study the dynamics of adaptors and clathrin in respect to ARF1 

compartments in living cells and gained insight into the mechanisms of adaptor mediated 

transport. Lastly, I employed the CRISPR-Cas9 system to create KO cell lines, to observe 

phenotypic effects resulting from loss of AP-1.  
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2. What is the interactome of the different APs? 

Knowledge of the specific and common interactors and cargo proteins will help to elucidate 

differences and similarities between the APs and how they act in protein sorting. To this end, 

I have endogenously fused the biotin ligase TurboID156 to the C-terminus of the µ-subunit of 

the different APs to create TurboID-KI-cell lines to map the native interactome of the four 

classical APs (AP-1 ï AP-4). Analysis of the mass spectrometry data allowed me to identify 

common and specific interactors and cargo proteins for each AP.  

3. What is the role of GGAs in post-Golgi sorting? 

The function of GGAs in post-Golgi transport is poorly understood. It is unclear why three 

different GGAs are needed and whether they fulfil distinct or shared roles in protein sorting. 

Furthermore, it is unclear whether and how GGAs act in concert with AP-1 as different modes 

of action were proposed94,107, highlighting the gap in knowledge about the role of GGAs in 

protein sorting. To address these open questions, I have endogenously tagged GGAs at their 

C-terminus to create single and double KI cell lines probe the localization and dynamics in 

connection with AP-1, ARF1 and among themselves in live-cell microscopy experiments. 

Moreover, I have employed the established TurboID-based interactome mapping approach for 

GGAs and AP-1 to uncover GGA-specific cargoes and interactors and those which are shared 

with AP-1.  

  



25 
 

4 Results 

4.1 Strategy for endogenous tagging with CRISPR-Cas9 

Before going into the experimental results, I briefly want to introduce the strategy that was used 

in this thesis to generate KI cell lines using the CRISPR-Cas9 system. Typically, KI cell lines 

are derived by selection of single-cell clones, however, this approach is time-consuming and 

clone-to-clone-differences cannot be excluded. To speed up the process and preventing 

effects of clone-to-clone-variations, an antibiotic-based CRISPR-strategy was used33,165. Here, 

in addition to the desired protein tag, a resistance cassette is integrated into the genome during 

the homology-directed repair process (Figure 8). After transfection with the CRISPR plasmids, 

the resistance cassette allows for selection of successfully edited cells upon addition of the 

corresponding antibiotic. By doing so, 2-3 weeks after transfection of the CRISPR agents, a 

mixed population of homo- and heterozygously-edited cells is available for experiments.  

For C-terminal tagging, the resistance cassette was inserted downstream of an exogenous 

polyadenylation signal (Figure 8A) and remained in the genome after selection. On the 

contrary, to create N-terminal fusions, the resistance cassette was inserted upstream of the 

protein-tag into the genome flanked by loxP-sites (Figure 8B). After antibiotic-selection, the 

loxP-sites can be used to excise the resistance cassette by transfection with Cre recombinase. 

This step becomes necessary as the presence of the resistance cassette could isolate the 

gene from its promoter region so that gene expression is repressed. Additionally, an epitope 

tag (V5-tag166 or ALFA-tag167) was included in most constructs, to allow identification of the 

tagged protein on western blots or via immunofluorescence, if needed.  



26 
 

  

 
 

Figure 8: Antibiotic-selection-based CRISPR-strategies for endogenous protein tagging. 

(A) Scheme of the CRISPR-strategy used to create C-terminal KIs. To tag a protein C-terminally, the 

gene of interest (GOI), was cut shortly after the stop codon to introduce DNA coding for an imaging 

tag (self-labeling enzyme or eGFP) or a labeling enzyme (e.g. TurboID), an epitope tag, an exogenous 

PolyA-sequence and a resistance cassette that allows for rapid selection of edited cells. (B) Scheme 

of the CRISPR-strategy used to create N-terminal KIs. For N-terminal tagging, the GOI was cut shortly 

after the start codon to insert DNA coding for the resistance cassette, an epitope tag and the imaging-

tag/labeling-enzyme. After selection, the integrated resistance cassette can be excised with the loxP-

Cre-system. 
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4.2 The role of APs in post-Golgi protein transport 

4.2.1 Non-endocytic clathrin is associated to ARF1-positive compartments 

Clathrin was found to decorate a large fraction of tubular TGN-derived ARF1-

compartments33,119. This observation led to the hypothesis that ARF1 compartments may be 

the organelle where clathrin-dependent post-Golgi sorting occurs (Figure 9). To test this model, 

I first wanted to quantify how much is clathrin is associated to ARF1 compartments in 

comparison to the amount of clathrin that localizes to free-floating CCVs. In addition, I wanted 

to investigate the dynamics of clathrin on ARF1 compartments to get a better understanding 

of the nature of their interaction.  

 

 

Figure 9: TGN-derived ARF1 compartments as hub for clathrin-dependent sorting.   

Anterograde tubular ARF1 compartments decorated with clathrin clusters emerge from the TGN and 

possibly act as a hub for clathrin-mediated sorting in the post-Golgi transport. In addition, another 

group of ARF1 compartments decorated with COPI organizes retrograde Golgi-to-ER transport. 

Figure adapted from Bottanelli et al.33. 

 

To investigate clathrin association with ARF1 compartments, I employed an ARF1EN-

Halo/SNAP-CLCaEN double-KI cell line (EN=endogenous). Live-cell STED microscopy revealed 

close association of clathrin with the ARF1 compartments and multiple clathrin nanodomains 

were found on longer compartments (Figure 10A). ARF1 compartments decorated with clathrin 

nanodomains are not a HeLa-specific phenotype, but were also observed in double gene-

edited haploid HAP1 cells and Jurkat T-cells (Supplemental Figure 1). Interestingly, all 

micrographs suggested that the vast majority of the clathrin structures, aside of those that 

appeared to be clathrin-coated pits on the PM, are actually associated with ARF1-positive 

membranes. To test whether non-endocytic clathrin is indeed exclusively bound to ARF1 

compartments, I created a triple KI-cell line expressing ARF1EN-eGFP, Halo-CLCaEN and 
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AP2µEN-SNAP to differentiate endocytic (AP-2-positive) from non-endocytic (AP-2-negative) 

clathrin (Figure 10B). Quantification of the clathrin structures revealed that non-endocytic 

clathrin is almost exclusively associated to ARF1-positive membranes and only a small fraction 

(~6%) of the clathrin structures were found separately from AP-2 or ARF1 (Figure 10C). 

 

Figure 10: The majority of non-endocytic clathrin is associated to ARF1 compartments. 

(A) Live-cell confocal and STED imaging of ARF1EN-Halo/SNAP-CLCaEN HeLa cells labeled with 

CA-JF571 and BG-JFX650, highlight clathrin-nanodomains on ARF1 compartments. (B) Live-cell 

confocal imaging of ARF1EN-eGFP/AP2µEN-SNAP/Halo-CLCaEN HeLa cells labeled with CA-JF552 and 

BG-JFX650 enables visualization of (i) non-endocytic clathrin associated with ARF1 compartments and 

(ii) endocytic clathrin bound to AP-2. (C) Quantification of clathrin-association with ARF1 or AP-2. In 

total 10 cells from 3 independent experiments were analyzed, replicates are shown in different colors 

and each small dot represents a single cell of the replicate. 

Data presented in this figure was generated together with FU master student Shelly Harel. 

Scale bars: 10 µm (confocal overview), 5 µm (STED image in A) and 1 µm (crops). 
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4.2.2  Clathrin localizes to sites of fission of ARF1 compartments 

To get a better understanding of the dynamics of clathrin on ARF1 compartments, I made use 

of spinning disk confocal microscopy. Thanks to two installed cameras, I was able to achieve 

very high frame-rates (5 frames per seconds) when imaging the ARF1EN-Halo/SNAP-CLCaEN 

KI cells (Figure 11A). Intriguingly, no events where clathrin-coated vesicles bud from ARF1 

compartments were observed, instead many events that show clathrin clusters moving with 

ARF1 compartments through the cytoplasm were visualized (Figure 11B). Next, I looked at 

ARF1 compartments that bud from the TGN, to test whether these compartments already have 

clathrin clusters on them (Figure 11C). Indeed, clathrin departs on ARF1 compartments from 

the TGN, suggesting that formerly described budding of CCVs from the TGN, could be driven 

by underlying ARF1 compartments. However, clathrin not only just departs with ARF1 

compartments but the images rather suggested, that clathrin is right at the site of fission when 

the ARF1 compartments detach from the TGN (yellow arrows in Figure 11C). To test this 

observation, I looked at more than 100 fission events of ARF1 compartments including 

detachment from the TGN (Figure 11D) but also fission of a peripheral ARF compartments 

(Figure 11E). In more than 90% of the events clathrin was found at the site of fission, raising 

the possibility that clathrin or clathrin associated machinery play a direct role in the fission of 

ARF1 compartments or are involved in the recruitment of fission factors. Interestingly, in many 

of the events, clathrin clusters were found on both membranes after the fission has occurred 

(Figure 11C-E, crops ii-vii).  
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Figure 11: Clathrin localizes to fission sites of ARF1 compartments. 

(A) Time-lapse confocal spinning disk imaging of ARF1EN-Halo/SNAP-CLCaEN HeLa cells labeled with 

CA-JF552 and BG-JFX650. Spinning disk imaging allowed visualization of (B) movement of clathrin 

together with ARF1 compartments and (C) detachment of ARF1 compartments from the TGN together 

with clathrin. (D) Clathrin is found at sites of fission of ARF1 compartments when they detach from 

the TGN and (E) when ARF1 compartments undergo fission in the cell periphery. Selected frames 

are shown, movie was taken with a frame rate of 5 frames/s.  

Scale bars: 10 µm (confocal overview), 1 µm (crops). 
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4.2.3 FIB-SEM reveals tubulo-vesicular membrane organization of ARF1 
compartments 

Motivated by these findings, I next wanted to gain some insights into the underlying membrane 

structure of the observed ARF1 compartments. In the past, three-dimensional correlative light-

electron microscopy (3D-CLEM) has been elemental to reveal tubular connections between 

ER and Golgi35. As ARF1 compartments are also tubular in their nature, this technique seemed 

promising to reveal their underlying membrane organization. Therefore, ARF1EN-Halo/SNAP-

CLCaEN were labeled with cell permeable dyes and imaged post-fixation by scanning confocal 

microscopy (Figure 12A). To preserve intracellular membranes as best possible, 

glutaraldehyde was used in combination with paraformaldehyde for immobilization168. After 

confocal microscopy the samples were post-fixed, embedded, and a small region of interest 

(yellow square in Figure 12A) was visualized with focused ion beam scanning electron 

microscopy (FIB-SEM) imaging (Figure 12B). Alignment of the electron and light microscopy 

imaging data made it possible to identify ARF1 compartments in the FIB-SEM images. Several 

ARF1 compartments were identified at an isotropic resolution of 7 nm (Figure 12Ci-iii). The 

identified compartments were tubulo-vesicular in their nature and displayed a pearl-shaped 

morphology. Interestingly, a similar morphology was observed for the ER-Golgi-tubules from 

Weigel et al.35. The diameter of the non-clathrin-coated tubular ARF1 membrane varied 

between 20 nm and 180 nm while the diameter of the clathrin-coated parts of the tubule was 

found to be relatively confined between 70 nm and 90 nm (Figure 12D). This suggests that the 

ARF1-positive membrane itself is very flexible and clathrin-coat formation leads to confined 

tubule diameters. Importantly, clathrin-coats seemed to be preferentially assembled at sites of 

high intrinsic curvature (such as the ends of a tubule) and are always directly connected via a 

membranous neck with the ARF1 compartment (Figure 12E). This data highlights a direct 

connection between clathrin-coated membranes and ARF1 compartments and indicates a role 

for ARF1 compartments in clathrin-mediated intracellular transport. Moreover, it excluded the 

possibility of CCVs and ARF1 compartments moving as separate entities on the same 

microtubule tracks and thus just appear to be associated with each other.  
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Figure 12: 3D-CLEM reveals tubulo-vesicular nature of ARF1 compartments. 

(A) Slice of a confocal z-stack of an ARF1EN-Halo/SNAP-CLCaEN HeLa cell labeled with CA-JF552 and 

BG-JFX650 that was chosen for the CLEM experiment. The area that was imaged with FIB-SEM is 

outlined in yellow. Areas with segmented ARF1 compartments (i-iii) are outlined in white. (B) Overlay 

of the 3D projection of the confocal stack and FIB-SEM image (green box). FIB-SEM image was 

obtained with 7 nm isotropic resolution. (C) Segmentation of individual ARF1 compartments and 
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clathrin-coated areas. Shown are 2-3 exemplary slices of the FIB-SEM image, the FIB-SEM image 

with outlines from the segmented area, overlays of fluorescence of ARF1 and clathrin with the FIB-

SEM image, a representative slice of the confocal image of the ARF1 compartments and the 3D 

rendering. (D) Diagram showing variation in tubule diameter of the ARF1 compartment and the 

clathrin coated areas. Data for the diagram was obtained from the three ARF1 compartments shown 

in C and was measured at different parts of the tubules. (E) Single slices (7 nm increments) of the 

FIB-SEM data set, including segmentation, highlight the connection of clathrin-coated and non-coated 

part of the ARF1 compartment (arrow highlights neck of non-clathrin coated and clathrin coated ARF1 

compartment). Scale bars: 10 µm (overview in A), and 500 nm (crops in C). 

 

4.2.4 AP-1 and AP-3 localize to segregated nanodomains on ARF1 compartments 

Next, I wanted to understand the role of ARF1 compartments in post-Golgi transport. 

Knowledge about which adaptor proteins are present could help to understand which cargoes 

are sorted from ARF1 compartments and could provide insights about the directionality of the 

cargo flow. The two hetero-tetrameric adaptor protein complexes AP-1 and AP-3 were reported 

to localize to membranes of tubular endosomes and are both recruited by ARF141,54,63,77. 

Interestingly, both adaptors have distinct functions in intracellular transport. While AP-1 is 

reported to organize bidirectional cargo transport between TGN and endosomes, AP-3 was 

found to coordinate transport to late endosomes and melanosomes. Therefore, understanding 

which adaptor is associated with ARF1 compartments not only would help to define the role of 

ARF1 compartments in post-Golgi transport but also would provide novel insights about the 

way specific APs act in cargo sorting and transport.  

To test the intracellular localization of AP-1 and AP-3, I created two double KI cell lines. By 

introducing a SNAP-tag to the µA-subunit of either AP in ARF1EN-Halo KI cells I was able to 

study the localization of AP-1 and AP-3 regarding ARF1 compartments. Similar to what was 

observed for clathrin (Figure 10A), both AP-1 (Figure 13A) and AP-3 (Figure 13B) localize to 

nanodomains on ARF compartments in live-cell STED experiments. As it could be possible 

that both APs localize to the same nanodomains, I next created an ARF1EN-eGFP/AP1µAEN-

Halo/AP3µAEN-SNAP triple KI cell line, to localize AP-1 and AP-3 simultaneously (Figure 13C). 

Interestingly, live-cell STED microscopy showed both APs localizing to segregated 

nanodomains on ARF1 compartments. I observed ARF1 compartments with both adaptors 

(Figure 13D i), but also compartments with only either AP-1 or AP-3 nanodomains 

(Figure 13D ii-iii). Quantification of the compartments showed that the most abundant class of 

ARF1 compartments are those which are positive for both adaptors (~38%), ~30% only 

supported AP-1 nanodomains while less than 10% of the compartments were positive for AP-3 

only (Figure 13E). In addition, ~20% of the ARF1 compartments did not harbor AP-1 or AP-3, 

which is in agreement with a separate role for ARF1 compartments in retrograde Golgi-to-ER 

transport33,119,128. It is tempting to speculate that ARF1 compartments might fulfil distinct 

intracellular roles based on which of the APs are present on the membrane.  
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Figure 13: Adaptor protein complex AP-1 and AP-3 localize to segregated nanodomains on 
ARF1 compartments. 
(A) Live-cell confocal and STED imaging of ARF1EN-Halo/AP1µAEN-SNAP HeLa cells labeled with 

CA-JF571 and BG-JFX650. (B) Live-cell confocal and STED imaging of ARF1EN-Halo/AP3µAEN-SNAP 

HeLa cells with CA-JF571 and BG-JFX650. Both AP-1 and AP-3 are associated to ARF1 compartments 

in a similar fashion as clathrin. (C-D) Live-cell confocal and STED imaging (2 color STED imaging 
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The imaging data from living gene-edited cells, suggested that AP-1 and AP-3 are both 

primarily associated with the ARF1 compartments and only to a lesser extend with the Golgi 

and the TGN itself. When quantified, only 16% of the total AP-1 and less than 6% of the total 

AP-3 were confined the perinuclear Golgi area (Figure 13F). Studies in fixed cells have 

reported AP-1 and AP-3 to predominantly localize to the Golgi9,10, however, the fixation could 

have disrupted tubulo-vesicular cytoplasmic membranes, such as ARF1 compartments, 

leading to an overestimation of the fraction of Golgi-associated adaptors168. In contrast, AP-4, 

the other AP which is recruited by ARF1, is predominantly associated with the Golgi (Figure 

13F). To study the localization of AP-4 an ARF1EN-Halo/AP4µEN-eGFP double KI cell was 

created. In live-cell imaging experiments, AP-4 was found to localize to nanodomains of the 

TGN (Supplemental Figure 2). All together, these findings show that ARF1 compartments 

harbor both AP-1 and AP-3 on segregated nanodomains and suggest that they might act as 

hubs for cargo sorting, as multiple AP-dependent trafficking pathways could intersect and 

diverge from them.   

  

with ARF1EN-eGFP imaged in confocal mode) of ARF1EN-eGFP/AP3µAEN-SNAP/AP1µAEN-Halo HeLa 

cells labeled with CA-JF571 and BG-JFX650 show that AP-1 and AP-3 localize to segregated 

nanodomains on ARF1 compartments. (i) Crops highlight that AP-1 (red arrows) and AP-3 (white 

arrows) localize to segregated nanodomains on the same compartment. (ii-iii) In addition, ARF1 

compartments with either AP-1 or AP-3 are found. (E) Quantification of ARF1 compartments with 

specific adaptor identity per cell. In total 11 cells from 3 independent experiments were analyzed, 

replicates are shown in different colors each dot representing a single cell. (F) Quantification of Golgi-

associated punctae positive for AP-1, AP-3 and AP-4. In total 30 cells from 3 independent experiments 

were analyzed for each condition, replicates are shown in different colors and each small dot 

represents a single cell of the replicate. 

Data presented in this figure was generated together with FU master student Vini Natalia. 

Scale bars: 10 µm (confocal overview), 5 µm (STED images) and 1 µm (STED crops).  
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4.2.5 Tagging adaptor protein complex subunits does not impair their functionality 

To exclude that the introduction of the tag to the µ-subunit, changed the behaviour or 

localization of the AP complexes, I also tagged the ɔ-subunit of AP-1 and the ŭ-subunit of AP-3. 

Importantly, in double KIs with ARF1EN-Halo, the AP1ɔ and AP3ŭ subunits localize comparable 

to AP1µA and AP3µA on ARF1 compartments (Figure 14A-B). In double KI cell lines, with both 

medium and large subunits tagged, co-localization of both proteins was observed 

(Figure 14C-D). This data suggests that the adaptor protein complexes properly form upon 

addition of a protein tag on either of the probed subunits. Although localization and complex 

formation are unaffected by the addition of the protein tag, recruitment of accessory proteins 

such as clathrin could be affected. Therefore, I introduced a HaloTag to the C-terminus of the 

µ-subunit of AP-1 in haploid HAP1 cells. As the interaction of AP-1 with clathrin is well-

established169, AP-1 serves as an ideal candidate to probe proper clathrin recruitment. In fixed 

AP1µAEN-Halo cells, co-localization of AP-1 with clathrin in the perinuclear area was observed 

(Figure 14E). Additionally, the number of clathrin structures within the cells was not altered in 

the KI cell line (Figure 14F). In summary, no alterations due to the addition of the imaging tags 

were found regarding AP localization, complex formation and ability to recruit clathrin. 
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Figure 14: Localization and function of APs is not affected by tagging of the µA-subunit. 

(A) Live-cell confocal imaging of ARF1EN-Halo/AP1ɔ1EN-SNAP HeLa cells labeled with CA-JF552 and 

BG-JFX650. AP-1 associates to ARF1 compartments when tagged at a large subunit. (B) Live-cell 

confocal imaging of ARF1EN-Halo/AP3ŭ1EN-SNAP HeLa cells labeled with CA-JF552 and BG-JFX650 

shows that AP-3 associates to ARF1 compartments when tagged at a large subunit. (C-D) Live-cell 

confocal imaging of AP1µAEN-Halo/AP1ɔ1EN-SNAP HeLa cells or AP3µAEN-Halo/AP3ŭ1EN-SNAP 

HeLa cells labeled with CA-JF552 and BG-JFX650 suggests that AP complexes form properly when 

both subunits are tagged. (E) Confocal imaging of fixed AP1ɛAEN-Halo HAP1 cells labeled with CA-

JFX650 before fixation and then immunostained for clathrin heavy chain (CHC). Clathrin is recruited to 

domains with tagged AP1ɛA, indicating recruitment by AP-1 is intact (yellow arrows indicate domains 

where CHC and AP1ɛAEN-Halo co-localize). (F) Quantification of clathrin punctae normalized to the 

cell area in wild type (WT) and AP1ɛAEN-Halo (KI) HAP1 cells. The data shows no difference in 

cytosolic clathrin structures between WT and KI cells. 30 cells from 3 independent experiments for 

each condition were analyzed, replicates are shown in different colors and dots represent single cells. 

Data presented in this figure was generated together with FU students Joy Mejedo and Carissa Spalt. 

Scale bars: 10 µm (overviews) and 1 µm (crops). 
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4.2.6 Clathrin localized to AP-1 but not AP-3 nanodomains on ARF1 compartments 

The fact that AP-1 and AP-3 both localize to segregated nanodomains of ARF1 compartments, 

raises the question which of the adaptors is relevant for clathrin recruitment. Intriguingly, both 

APs have a conserved clathrin-binding sequence in one of their large subunits10,170. While 

interaction of clathrin with AP-1 is widely accepted, it is unclear whether AP-3 binds clathrin in 

vivo10,82,83. To answer the question which AP is relevant for clathrin recruitment to ARF1 

compartments, I created triple KI cell lines that allowed for simultaneous detection of ARF1, 

CLCa and either AP-1 (ARF1EN-eGFP/Halo-CLCaEN/AP1µAEN-SNAP) or AP-3 (ARF1EN-

eGFP/Halo-CLCaEN/AP3µAEN-SNAP). In live-cell STED experiments a perfect co-localization 

of AP-1 with clathrin on the ARF1 compartments was observed and confirmed using line profile 

analysis (Figure 15A-B). In contrast, very little to no co-localization of AP-3 with clathrin was 

found and it appeared that both proteins rather localized to segregated nanodomains of the 

same ARF1 compartments (Figure 15C-D). A co-localization analysis using the Manders 

correlation coefficient confirmed these observations (Figure 15E). AP-1 showed a strong co-

localization with clathrin, whereas AP-3 and clathrin showed a similar high overlap than AP-1 

with AP-3, suggesting that residual co-localization of AP-3 with clathrin is rather caused by 

AP-1- and AP-3-nanodomains being in close proximity on ARF1 compartments than actual 

AP-3-clathrin interaction.  
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Figure 15: AP-1 but not AP-3 recruits clathrin to ARF1 compartments. 

(A-B) Live-cell confocal and STED imaging (2 color STED imaging with ARF1EN-eGFP imaged in 

confocal mode) of ARF1EN-eGFP/AP1µAEN-SNAP/Halo-CLCaEN HeLa cells labeled with CA-JF571 and 

BG-JFX650 highlight that clathrin and AP-1 are recruited to the same nanodomains of ARF1 

compartments. Line profiles show perfect co-localization of AP-1 with clathrin (used lines are indicated 

in STED images). (C-D) The same analysis on ARF1EN-eGFP/AP3µAEN-SNAP/Halo-CLCaEN HeLa 

cells labeled with CA-JF571 and BG-JFX650 shows that clathrin and AP-3 do not co-localize on ARF1 

compartments. (E) Co-localization analysis using the Manders coefficient reveals high correlation of 

AP-1 with clathrin but low correlation of AP-3 with clathrin, comparable with the correlation of AP-3 

with AP-1, suggesting that clathrin that partially co-localizes with AP-3 is actually recruited by AP-1. 

In total 11 cells from 3 independent experiments were analyzed, replicates are shown in different 

colors and each dot represents a single cell.  

Data presented in this figure was generated together with FU master student Vini Natalia. 

Scale bars: 10 µm (confocal overviews) and 1 µm (STED crops). 
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4.2.7 Loss of AP-1 causes formation of aberrant long ARF1 compartments and 
reduces clathrin recruitment  

To further elucidate the role of AP-1 in clathrin recruitment to ARF1 compartments, and to 

overall improve the understanding of the function of AP-1, I next employed CRISPR-Cas9 to 

create an AP1µA KO in ARF1EN-Halo/SNAP-CLCaEN cells (Fig 15A-B). Remarkably, loss of 

AP1µA led to the formation of extremely elongated ARF1 compartments. As clathrin (and thus 

also AP-1) was found at the sites of fission of ARF1 compartments (Figure 11D-E), it is possible 

that the loss of AP1µA causes fission defects as potential fission factors can not be properly 

recruited. Intriguingly, clathrin is still recruited to ARF1 membranes in the absence of AP-1 

(Figure 16A). However, a comparison to control cells suggested that less clathrin is recruited 

to the ARF1 compartments in AP1µA KO cells while clathrin-recruitment to the Golgi seemed 

uniform in control and KO (Figure 16A). Therefore, I quantified the intensity of the clathrin 

clusters at the Golgi and on the tubules and found that indeed clathrin recruitment to the 

tubules is significantly decreased in AP1µA KO cells (Figure 16C). These data indicate, that 

AP-1 is not the sole protein participating in the recruitment of clathrin to the ARF1 

compartments. Possible other clathrin adaptors on ARF1 compartments could be the GGA 

proteins or the non-classical clathrin adaptor EpsinR. GGAs and EpsinR possess clathrin- and 

AP-1 binding domains57,94 and therefore may accumulate on the same nanodomains as AP-1 

and assist in clathrin recruitment.   
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Figure 16: Loss of AP-1 leads to reduced clathrin association and fission defects of ARF1 
compartments. 
(A) Live-cell confocal imaging shows that AP1µA KO in ARF1EN-Halo/SNAP-CLCaEN HeLa cells 
labeled with CA-JF552 and BG-JFX650 leads to the formation of aberrant long tubular ARF1 
compartments that are not present in control cells. Clathrin recruitment to the long ARF1 
compartments seems to be reduced but not completely abolished (yellow arrows highlighted clathrin 
in crops i-ii). (B) Western blots of whole cell lysates showing successful gene editing of ARF1EN-Halo 
and SNAP-CLCaEN but also full depletion of AP1µA in the KO cells by anti-AP1ɛA, anti-SNAP and 
anti-Halo blotting. (C) Quantification of fluorescence intensity of clathrin punctae on peripheral ARF1 
compartments normalized to the intensity of Golgi-associated clathrin punctae in control and AP1µA 
KO ARF1EN-Halo/SNAP-CLCaEN HeLa cells. In total 27 cells from 3 independent experiments were 
analyzed for each condition, replicates are shown in different colors and each dot represents a single 
cell of the replicate. P-value of nested t-test is 0.0064. 
Data presented in this figure was generated together with FU master student Antonia Klemt. 

Scale bars: 10 µm (overviews) and 1 µm (crops). 
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4.2.8 AP-1 localizes to the interface of Rab11 recycling endosomes and ARF1 
compartments 

The presence of both AP-1 and AP-3 on ARF1 compartments, suggests that these 

compartments are hubs for adaptor-depending post-Golgi sorting. To further elucidate the 

function of the ARF1 compartments a fellow doctoral student from the Bottanelli lab, Petia 

Adarska, visualized ARF1 in combination with various endosomal membrane markers 

including Rab6 (marker for Golgi-derived tubular carriers), Rab5 (early endosomes), Rab7 (late 

endosomes), SNX1 (sorting endosomes) and Rab11 (recycling endosomes) (for completion 

her data is shown Supplemental Figure 3). She found that ARF1 compartments were not 

defined by any of the tested markers, but they were very frequently observed in close proximity 

to Rab11-positive recycling endosomes (REs). Moreover, she employed live-cell STED and 

fast spinning disk confocal microscopy to visualize transient interactions between both 

compartments. Seeing this transient interaction between REs and ARF1 compartments, 

tempted us to speculate that cargo might be exchanged between both compartments during 

this interaction. This raised the question, where the sorting machinery is localized that 

mediates cargo transfer between compartments. Some studies have found AP-1 on REs59,65, 

which is initially contradicting to my results showing AP-1 on ARF1 compartments (Figure 13-

14), but could indicate a role for AP-1 in cargo transfer between ARF1 compartments and REs. 

To test the localization and function of AP-1 in the context of transient interaction between 

ARF1 compartments and REs, I first created an ARF1EN-eGFP/Halo-Rab11EN/AP1µAEN-SNAP 

triple KI cell line (Figure 17A). Strikingly, AP-1 was found to localize to interface of ARF1 

compartments and REs. When studying the spatio-temporal relation of AP-1 in the context of 

ARF1 compartments and REs, AP-1 was found to be stably associated with the ARF1 

compartments, while transiently interacting with different REs (Figure 17B). This suggests, that 

AP-1 might play a role in enriching cargo and mediating transfer from the ARF1 compartment 

to the RE. To see if and how AP-1 shapes the interface of the two compartments, I wanted to 

perturb the system by knocking-out AP-1. Therefore, I created a CRISPR-Cas9 AP1µA KO in 

ARF1EN-SNAP/Halo-Rab11EN cells. Surprisingly, Rab11 was found together with ARF1 on the 

membrane of the elongated compartments (Figure 17C). When imaged over time, no 

separation of both markers was detected but instead they displayed joint movement 

(Figure 17D). The observed phenotype could be a result of the fusion of both compartments in 

the absence of AP-1 and the mixing of membranes. These data points towards an additional 

role for AP-1 beyond cargo enrichment. AP-1 might have an additional function in mediating 

the contact between REs and ARF1 compartments, either in tethering of both compartments 

or in prevention of content-mixing. 
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Figure 17: AP-1 localizes to the interface of ARF1 compartments with REs and loss of AP-1 

leads to a morphological change in both compartments. 

(A) Live-cell confocal imaging of ARF1EN-eGFP/Halo-Rab11EN/AP1µAEN-SNAP HeLa cells labeled 

with CA-JFX650 and BG-JF552 shows AP-1 nanodomains at the interface of ARF1 compartments and 

Rab11-positive REs. (B) Time-lapse confocal spinning disk imaging shows transient interaction of 

ARF1 compartments with different REs via AP-1. AP-1 seems to stay associated with the ARF1 

compartment while interacting with different REs (yellow arrows highlights AP-1 interacting with REs, 

white arrows show AP-1 without RE on ARF1 compartment). (C) Live-cell confocal imaging of 

ARF1EN-SNAP/Halo-Rab11EN AP1µA KO HeLa cells labeled with CA-JF552 and BG-JFX650, reveal 

elongated ARF1 compartments that co-localization with REs that also show aberrant elongation. (D) 

Time-lapse confocal microscopy of cells shown in D highlights joint movement of both compartments. 

Scale bars: 10 µm (confocal overview) and 1 µm (crops). 
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4.2.9 Transferrin recycles through ARF1 compartments and loss of AP-1 delays 
transferrin transfer 

The presented data indicates that ARF1 compartments mediate post-Golgi cargo trafficking 

via interaction with REs. To determine the exact function of ARF1 compartments in intracellular 

trafficking, I again teamed up with Petia Adarska to investigate their role in secretory and 

endocytic trafficking. Petia employed the Retention Using Selective Hooks (RUSH)-system to 

follow the flow of cargo from the ER through the Golgi and found RUSH-cargoes, such as the 

transferrin-receptor (TfR) and TNFŬ, exit the Golgi in ARF1 compartments and localize to REs 

later on, suggesting cargo transfer from ARF1 compartments to REs. Moreover, she found in 

AP1µA KO cells, cargo exit from the Golgi is delayed (for completion, relevant data is displayed 

in Supplemental Figure 4). These findings indicate a role for ARF1 compartments in transport 

of secretory cargoes from the TGN to REs.  

In parallel, I investigated a potential role of ARF1 compartments in endocytic recycling. The 

secretory ARF1 compartments were mostly found in the perinuclear area, while most of the 

peripheral compartments were devoid of secretory cargo. Moreover, AP-1 was previously 

shown to be involved in transferrin (Tfn) recycling to the PM and loss of AP-1 delayed Tfn 

recycling8. To study the role of ARF1 compartments in Tfn recycling, uptake experiments with 

fluorescently labeled Tfn were performed in various cell lines (Figure 18). Importantly, shortly 

after internalization Tfn was found in ARF1 compartments (Figure 18A). The Tfn-positive ARF1 

compartments were observed close to RE, that also seemed to be filled with the fluorescent 

Tfn (Figure 18B). Additionally, both adaptors, AP-1 and AP-3, were found on the Tfn-filled 

compartments (Figure 18C-E). The presence of Tfn suggests a role for AP-1/AP-3-positive 

ARF1 compartments in endocytic recycling.  
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Figure 18. AP-1/AP-3 positive ARF1 compartments mediate endocytic recycling of transferrin. 

(A) Live-cell confocal imaging of fluorescently labeled Tfn (Tfn-AlexaFluor488) in ARF1EN-Halo HeLa 

cells labeled with CA-JFX650 shows Tfn in ARF1 compartments. (B) ARF1EN-SNAP/Halo-Rab11EN 

HeLa cells labeled with CA-JFX650 and BG-JF552 show Tfn filled-ARF1 compartments interacting with 

REs. (C-D) ARF1EN-Halo/AP1ɛAEN-SNAP and ARF1EN-Halo/AP3ɛAEN-SNAP HeLa cells labeled with 

CA-JF552 and BG-JFX650 show Tfn in ARF1 compartments decorated with either AP-1 or AP-3 (arrows 

highlight APs on ARF1 compartments). (E) AP1ɛAEN-Halo/AP3ɛAEN-SNAP HeLa cells labeled with 

CA-JF552 and BG-JFX650 show Tfn in a tubular compartment which is decorated with AP-1 and AP-3 

(yellow arrows highlight AP-1, white arrows highlight AP-3), suggesting it is trafficked via ARF1 

compartments which are decorated with both AP-1 and AP-3. 

Scale bars: 10 ɛm (overviews), 1 ɛm (crops). 
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To understand the specific function of AP-1 in endocytic recycling and the directionality of the 

transport, I again resorted to a CRISPR-Cas9 AP1µA KO ARF1EN-Halo cell line. Interestingly, 

in a Tfn uptake experiment, Tfn was only present in shorter ARF1 compartments which 

morphology seemed to be unaffected by the AP1µA KO (Figure 19A). The aberrantly 

elongated ARF1 compartments were devoid of Tfn, suggesting that these are rather of 

secretory nature. This would also implicate, that potential fission defects due to the loss of 

AP-1 are potentially only relevant for secretory ARF1 compartments. Furthermore, co-

localization analysis using the Manders correlation coefficient revealed that Tfn exit from the 

ARF1 compartments is delayed upon loss of AP-1 (Figure 19B). This piece of data, suggests 

that AP-1 is relevant for the transfer of Tfn from the ARF1 compartment to the next 

compartment in the recycling pathway of Tfn, which is likely the RE.  

 

Figure 19: Loss of AP-1 delays transferrin recycling but does not change the morphology of 

ARF1 compartments involved in endocytic recycling.  

(A) ARF1EN-Halo/AP1ɛA KO HeLa cells labeled with CA-JFX650 show Tfn in ARF1 compartments 

which are morphologically unaffected by the loss of AP1ɛA. ((i-ii) yellow arrows highlight aberrant 

elongated ARF1 compartments devoid of Tfn, (ii-iv) white arrows highlight shorter ARF1 

compartments filled with Tfn). (B) Co-localization analysis using the Manders correlation coefficient 

of ARF1 and Tfn in ARF1EN-Halo HeLa cells and ARF1EN-Halo/AP1µA KO HeLa cells. Tfn transfer 

from ARF1 compartments is delayed in AP1µA KO cells. Each dot represents the average of 5 cells, 

SD error bars. 

Data presented in this figure was generated together with FU master student Antonia Klemt. 

Scale bars: 10 ɛm (overviews), 1 ɛm (crops). 

 

Taken together, so far I found that both AP-1 and AP-3 are recruited to segregated 

nanodomains on tubulo-vesicular ARF1 compartments, but clathrin is only recruited by AP-1 

and not AP-3. The compartments were found to interact with REs and AP-1 is located at the 

interface of both compartments, where it likely mediates cargo transfer from the ARF1 

compartment to the RE. ARF1 compartments are involved in secretory and endocytic recycling 

and loss of AP-1 impairs cargo transfer out of the compartments.    
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4.3 Mapping interactors of different APs 

4.3.1 Establishment of a biotinylation-based proximity labeling KI approach 

To improve the understanding of the function and role of APs in intracellular trafficking, 

knowledge about their molecular environment is indispensable. Biotinylation-based proximity 

labeling approaches have been shown to be practical to study the interactome of a given 

protein149. With the goal in mind to identify AP-specific interactors and cargo proteins, to 

ultimately understand how these protein act in post-Golgi transport, I first wanted to establish 

biotin-based proximity labeling in combination with the described CRISPR-Cas9 KI-strategy 

(Figure 8). Controlling the expression levels is important, as overexpression of the fusion 

protein could result in its mislocalization or aggregation. The use of the antibiotic resistance 

cassette allows protein expression under the endogenous promoter and at the same time 

reduces the time it takes to generate a KI cell line and reduces risk of misleading results due 

to single-clone selection and cell-to-cell variations. 

First, I needed to decide which of the available labeling enzymes149 I wanted to use for 

interactome mapping. Therefore, I created KI cell lines with the four most commonly used 

labeling enzymes (BioID2, miniTurboID, TurboID and APEX2155,156,158) and fused them to the 

C-terminus of the µ-subunit of AP-1. This allowed me to compare their expression and 

performance when expressed endogenously. Expression of the fusion proteins was validated 

in western blot and immunofluorescence experiments using a V5 epitope tag that was inserted 

together with the labeling enzymes (Figure 20A-B). Homology-directed repair is a rare event, 

and successful integration of the resistance cassette in one allele is sufficient for cells to 

survive the selection. Thus, many of the selected cells are heterozygous in the expression of 

the fusion protein, which can be seen on the anti-AP1µA western blot, where aside of edited 

protein, also non-edited protein was detected (Figure 20A). When quantified manually, KI rates 

(percentile of cells that express the fusion protein) of 43% (APEX2), 63% (BioID2), 45% 

(miniTurboID) and 59% (TurboID) were found. Although high KI are generally desirable, these 

KI rates should be sufficient for MS experiments, as proximity labeling only occurs in cells that 

express the fusion protein, and background biotinylation from non-edited cells will be filtered 

out by using a wild type (WT) control. To test functionality of the labeling enzymes and 

localization of the fusion proteins, biotin-labeling was induced and cells were fixed for 

immunofluorescence. For visualization of biotinylated proteins, a fluorescent streptavidin-

conjugate was used. In addition, a trans-Golgi marker protein (p230171) was stained to control 

localization of the fusion protein, as in fixed cells AP-1 is predominantly detected at the TGN9. 

Labeling was initiated by addition of 50 µM of biotin to the growth media for 24 h for all biotin 

ligases (BioID2, miniTurboID and TurboID). For the APEX2 peroxidase an effective labeling 

time of 1 min was used to avoid prolonged exposure to H2O2
155.  
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Figure 20: Endogenous tagging of AP1µA with different biotin ligases allows for confined 

biotin-labeling of proteins in the vicinity of AP1µA. 

(A) Western blots of whole cell lysates from generated cell lines to verify the KI of the labeling 

enzymes by anti-AP1ɛA and anti-V5 blotting. (B) Confocal imaging of fixed cells expressing AP1µA 

fusions with the labeling enzymes endogenously. Cells were immunostained for the V5-tag to detect 

labeling enzyme expression and localization. (C) Confocal imaging of immunostained cells 

endogenously expressing the different labeling enzymes. Cells were stained with anti-V5 antibody to 

detect the labeling enzymes, anti-p230 antibody to mark the TGN area and streptavidin-AF488 to 

detect biotinylated proteins. Before fixation cells were treated with 50 ɛM biotin for 24 h and AP1ɛAEN-

APEX2-V5-expressing cells were incubated for 30 min with 500 ɛM biotin-phenol and labeling was 

induced for 1 min with H2O2. All biotin ligases but not APEX2 show confined biotinylation in areas 

where AP1µA is present. 

Scale bars: 10 ɛm. 
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Importantly, all fusion proteins were found primarily at the TGN so proper intracellular 

localization was assumed (Figure 20D). However, no biotin-labeling was observed for APEX2, 

while for all biotin ligases produced biotinylated protein in the area of the TGN, indicating that 

biotin ligases are functional as AP1µA fusions. Interestingly, overexpression of an AP1µA-

APEX2-V5 construct as well as overexpression of a Vimentin-APEX2-V5 fusion yielded a 

specific biotinylation pattern (Supplemental Figure 5).  

To compare the performance of the labeling enzymes quantitatively, I compared labeling rates 

of the KI cell lines via immunofluorescence and western blot (Figure 21). TurboID and 

miniTurboID were both reported to support shorter labeling times of less than 1 h. For purposes 

of this quantitative approach, I used a shorter labeling time of 2 h and a longer labeling time of 

24 h and compared the relative biotinylation for the different biotin ligases (Figure 21A-B). In 

line with what was originally reported for the biotin ligases156,172, both TurboID and miniTurboID 

show higher levels of biotinylation after 2 h of labeling compared to 24 h labeling with BioID2. 

Similar results were found, when analyzing biotinylation levels on a western blot 

(Figure 21C-D). The low biotinylation rate of BioID2 could affect the experiment in a way that 

the amount of biotinylated protein is too low for sufficient enrichment and subsequent 

identification and quantification by MS. As other studies already suggested a lower stability of 

miniTurboID-fusions compared to TurboID156,172, and in the AP1µA KI cell lines lower KI levels 

for the miniTurboID were observed, I decided to work with TurboID in upcoming experiments.  

4.3.2 Mapping the interactome of AP complexes 

After establishing endogenous tagging with TurboID, I wanted to use biotinylation-based 

proximity labeling as a tool to map potential interactors and cargoes of different APs to search 

for similarities and differences between them. As all my approaches to establish endogenously 

tagging of AP-5 failed, I focused on the four classical APs (AP-1 to AP-4). I always targeted 

the C-terminus of the µ-subunit to add a TurboID-V5-tag to the different APs. Expression and 

localization of the fusion proteins were tested via immunofluorescence (Figure 22A) and 

western blot (Figure 22B). The AP-1 and AP-4 fusions were found to localize primarily to the 

TGN, while the punctate pattern of AP2µ-TurboID at the PM suggested proper integration in 

clathrin coated pits70. The diffuse localization pattern for AP-3 was attributed to the fixation with 

paraformaldehyde only, which is known to disrupts cytoplasmic membranes168 such as those 

of ARF1 compartments which harbor AP-3. Importantly, I was able to detect biotinylated 

proteins also in samples of the AP-4 KI cell line. As AP-4 is ~30-40-fold lower abundant 

compared to AP-1 or AP-2 in HeLa cells86, I was worried that the its low abundance would 

make it much harder to detect and work with.   
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Figure 21: TurboID variants exhibit favorably fast labeling kinetics. 

(A) Detection of biotinylated proteins with streptavidin-AF488 in fixed cells expressing AP1µA fusions 

of the different biotin ligases. 50 ɛM biotin was added for either 2 h or 24 h before fixation. (B) Ratio 

of biotinylated proteins in the Golgi area and ligase expression (measured by V5 expression) after 

2 h and 24 h of labeling. Cells were treated as described in A. For each condition, 30-50 cells were 

analyzed from three independent biological replicates. All p-values from unpaired t-tests are <0.0001.  

(C) Comparison of the labeling efficiency of different labeling enzymes when fused to AP1µA on a 

western blot. Cells were treated with 50 ɛM biotin for 2 h or 24 h, WT cells were treated for 24 h with 

50 ɛM biotin and APEX2 were incubated for 30 min with 500 ɛM biotin-phenol and labeling was 

induced for 1 min with H2O2. Whole cell lysates were blotted with streptavidin-HRP to detect 

biotinylated proteins, and anti-V5 antibody to compare ligase expression levels. The experiment was 

performed three times with comparable results. (D) Ratio of biotinylated proteins (Streptavidin-HRP) 

and labeling enzyme (anti-V5) from each of C. Ratios were then normalized to the TurboID ratio. 

P-value is 0.71.  

Scale bars: 10 µm. 
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To map and analyze the interactome of the four APs, I added biotin to the cells for 24 h, lysed 

them and purified biotinylated proteins with streptavidin-coated beads. The purified proteins 

were subsequently analyzed by MS using label-free quantification (LFQ). As background 

control HeLa WT incubated 24 h with biotin were used. In total 2574 proteins were identified 

and quantified. In order to find AP-specific interactors and cargo proteins, the relative intensity 

of the identified proteins was compared between data sets of different adaptors. Generally, 

only proteins that were found significantly enriched (log2 fold change <1 and p-value <0.05) 

against at least one other adaptor were considered as potential interactor or cargo. Proteins 

that were not found enriched against the WT control sample were excluded. Visualization of 

the results as volcano plots, highlights the most significantly enriched hits (Figure 22C-D). 

Additionally, I assembled lists of all the proteins that I considered to be potential interactors or 

cargoes of the APs (Supplemental Table 1-8). In the lists only proteins that were significantly 

enriched against at least one other AP, and are known to be involved in membrane trafficking, 

might be involved in regulation of membrane homeostasis (e.g. regulatory phosphatases and 

kinases), have a transmembrane domain (potential cargo proteins) or are known to play a role 

in clathrin mediated endocytosis (for AP-2), were considered. The lists also include information 

against which of the other APs it was found to be significantly enriched, to identify specific and 

potentially shared interactors. By doing so, I was able to identify many established AP-specific 

interactors, such as GGAs or the PI4-kinase PI4K2B for AP-158,60 and many proteins that are 

involved CME, such as Epsin-1 (EPS1) and Epsin-2 (EPS2), Synaptojanin (SYNJ1) or the 

protein numb like (NUMB), for AP-272 (highlighted in the volcano plot in Figure 22C). 

Importantly, also known interactors for the low-abundant AP-4 were detected including Tepsin 

(ENTDH2), Hook1 (HOOK1) and a FHF complex subunit (FAM160A1)173 (Figure 22D). This 

proves that the endogenous TurboID approach can be used for low-abundant proteins. 

Furthermore, the presence of known interactors indicates that the obtained data sets are of 

good quality and that it might be interesting to follow up on some of the not so well studied 

proteins I listed as potential AP interactors. In total, the lists include more than 300 potential 

interactors and more than 200 potential cargo proteins.  
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Figure 22: Interactome mapping of different APs using TurboID.  

(A) Fixed cell confocal imaging of HeLa KI cells expressing TurboID fusions of different APs. TurboID 

is always endogenously fused to their µ-subunits. Cells were immunostained for the V5-tag to detect 

the labeling enzyme and streptavidin-AF488 was used to detect biotinylated proteins. Cells were 

incubated with biotin (50 ɛM) for 24 h before fixation. (B) Visualization of TurboID activity in all four 

KI cell lines on a western blot. Cells were treated with 50 ɛM biotin for 24 h. Whole cell lysates were 

blotted with streptavidin-HRP to detect biotinylated proteins, and anti-V5 antibody to detect ligase 

expression. (C) Volcano plot showing the changes in relative protein intensity between AP1ɛAEN-

TurboID and AP2ɛEN-TurboID. Proteins that show significant changes in their relative intensity are 

shown in the top left (AP-1) and top right (AP-2) corner (p-value <0.05 and log2 fold change >1 or <-1) 

separated by the orange lines. Subunits of the AP complexes (red), potential interactors (blue) and 

potential cargoes (magenta) are marked. (D) Volcano plot showing the changes in relative protein 

intensity between AP3ɛAEN-TurboID and AP4ɛEN-TurboID. Same parameters as in C.  

Scale bars: 10 µm. 

 

To probe the quality of the data further, I next tested some of the unexpected hits I found it MS 

data of AP1µA-TurboID. Among the cargo proteins, there was Integrin beta 1 (ITGB1), which 

might be recycled in a similar manner as Tfn. As potential interactors, I selected the SNARE 

protein VAMP7 and SCY1-like 2 (SCYL2), a protein kinase for AP-2 that also has been 

connected with AP-1 and AP-3 trafficking, but which role remains poorly understood174,175. All 

components of the SNARE complex VAMP7 belongs to (syntaxin-8, syntaxin-7, VAMP7 and 

 
AP-3 
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VTI1B) were found as potential AP-1 interactors in the interactome data, but so far, VAMP7 is 

only reported to interact with AP-3176,177. To test a connection of those proteins with AP-1, I 

transiently expressed GFP-fusions of these proteins in an AP1µAEN-SNAP KI cell line 

(Figure 23). Live-cell confocal micrographs show ITGB1 in tubular compartments that are 

decorated with AP-1. It is possible, that it is recycled via the same ARF1 compartments as Tfn. 

VAMP7 and SCYL2 were found as punctate structures partly co-localizing with AP-1. The close 

proximity to AP-1, suggests that both proteins might have regulatory functions in AP-1 

trafficking, either regulating AP-1 localization, function or inactivation.  

 

Figure 23: Potential AP-1 interactors localize to AP-1-domains in living cells. 

Live-cell confocal imaging of AP1ɛAEN-SNAP HeLa cells labeled with JFX650-BG that were transiently 

transfected with plasmids encoding for (A) ITGB1-eGFP, (B) eGFP-VAMP7 and (C) eGFP-SCYL2. 

Crops show where AP-1 and the different transiently expressed fusion proteins localize to the same 

structures/domains (marked by yellow arrows).  

Scale bars: 10 µm (overviews) and 1 µm (crops). 

 

To sum up this part of my thesis work, I was able to establish a TurboID-KI approach to map 

the interactome of the four adaptors AP-1 to AP-4. Therefore, I first compared four commonly 

used labeling enzymes and identified TurboID as best suited for mapping the AP interactomes. 

Subsequently, I generated TurboID KI cell lines of the four APs, analyzed the MS data and 

generated lists with potential interactors and cargoes for each AP. These data sets could be 

of use in the future to further understand function and role of APs in intracellular trafficking. 
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4.4 Understanding the role of GGAs in post-Golgi sorting 

4.4.1 GGAs localize to the Golgi and to peripheral ARF1 compartments  

Lastly, I sought to put the monomeric GGA adaptor proteins in the context of AP sorting and 

elucidate their role in intracellular transport. So far their exact function and localization is not 

well understood as well as the reason why three different GGAs are expressed94. Moreover, 

different theories about if and how they organize protein sorting together with AP-1 were 

proposed17,94,107. These models include transport via separated AP-1 and GGA transport 

vesicles, shared transport intermediates as well as transport via a hand-over mechanism 

where cargo is first bound by GGAs and then passed over to AP-1 (Figure 4A). So far, no 

consensus has been reached about if and how AP-1 and GGAs act together in post-Golgi 

protein sorting. GGAs were predominantly described to localize to the Golgi and the TGN105 

but were also found on endosomal structures that are involved in Tfn recycling when 

overexpressed as fusion proteins178. As I found ARF1 compartments decorated with AP-1 and 

AP-3 (Figure 13), I wanted to probe how GGAs localize in respect to the novel class of 

endosomal compartments. To probe their localization under endogenous expression levels, I 

tagged their C-terminus with an eGFP-tag, and created double KI cell lines with ARF1EN-Halo 

for each GGA (GGA1-GGA3) (Figure 24A-C). Live-cell confocal microscopy was used to 

localize GGAs in respect to ARF1. Interestingly, all GGAs were found to populate 

nanodomains of peripheral ARF1 compartments. When visualizing GGAs on ARF1 

compartments, it was of high importance to focus a cellular plane near the membrane facing 

the coverslip (basal plane), as only here ARF1 compartments with GGAs were observed. 

When focussed on the center of the Golgi, it appeared that GGAs almost exclusively localize 

to the Golgi and TGN, as little to no peripheral signal from GGAs was detected. To identify the 

Golgi, ARF1 was used as marker for all Golgi cisterna, therefore the TGN cannot be 

distinguished from other parts of the Golgi. Nevertheless, it is likely that GGAs predominantly 

localize to the TGN and no other Golgi cisterna, as multiple studies has found them associated 

to the TGN17,99,100,179. In addition, distribution and localization of all GGAs appeared to be very 

similar and no major differences between GGAs were observed at this experimental stage. 
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Figure 24: GGAs localize to TGN and to peripheral ARF1 compartments. 

(A) Live-cell confocal imaging of ARF1EN-Halo/GGA1EN-eGFP HeLa cells labeled with CA-JFX650 

shows GGA1 nanodomains on ARF1 compartments. The same cell was imaged with the Golgi in 

focus (Golgi plane) and near the basal plasma membrane (basal plane) (B-C) Same as in A, but for 
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(B) GGA2 in ARF1EN-Halo/GGA2EN-eGFP HeLa cells and (C) GGA3 in ARF1EN-Halo/GGA3EN-eGFP 

HeLa cells. ARF1 compartments with GGA-nanodomains become only visible when focussing on a 

plane near the coverslip (basal plane). When focussing on the Golgi (Golgi plane) GGAs appear to 

localize exclusively to the Golgi/TGN. 

Data presented in this figure was generated together with FU master student Jelena Mijatovic. 

Scale bars: 10 ɛm (overviews), 1 ɛm (crops). 

 

4.4.2 All GGAs co-localize to the same nanodomains 

After detecting all GGAs on ARF1 compartments, I next asked whether they localize to the 

same nanodomains or are segregated, in a similar fashion to AP-1 and AP-3. A difference in 

localization would suggest distinct role for the three GGAs in intracellular trafficking. To probe 

the localization of the GGAs in respect to one each other, I next created double KI cell lines 

with two different GGAs tagged with either HaloTag or an eGFP-tag (Figure 25). Live-cell 

confocal microscopy showed that all GGAs co-localize (Figure 25A-C). Line-profile analysis 

revealed perfect localization of the different GGAs, indicating that they are recruited to the 

same membrane-domains where they might fulfil similar, potentially redundant functions. 

However, it could be possible that studies in more specialized cell types (e.g. polarized cells) 

are needed to reveal distinct GGA localization and functions.  
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Figure 25: GGAs co-localize to the same nanodomains. 

(A) Live-cell confocal imaging of GGA1EN-Halo/GGA2EN-eGFP HeLa cells labeled with CA-JFX650 

shows co-localization of the two GGAs (i) in the perinuclear area and (ii) in the cellular periphery. Line 

profiles highlight perfect co-localization of GGAs (used lines indicated in yellow) (B-C) Same as in A, 

but for (B) GGA1 and GGA3 in GGA1EN-Halo/GGA3EN-eGFP HeLa cells and (C) GGA2 and GGA3 in 

GGA3EN-Halo/GGA2EN-eGFP HeLa cells.  

Data presented in this figure was generated together with FU master student Aline Daberkow. 

Scale bars: 10 ɛm (overviews), 1 ɛm (crops). 
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4.4.3 GGAs and AP-1 partially overlap at the TGN and on ARF1 compartments 

AP-1 was found on most of the post-Golgi ARF1 compartments (Figure 13E) and is known to 

interact with GGAs via its appendage domain58. Therefore, it is tempting to speculate that both 

proteins localize to the same nanodomains on the ARF1 compartments. However, different 

studies have proposed distinct functions for AP-1 and GGAs, suggesting that at least some a 

fraction of GGAs should localize separately from AP-117,107,179. To test how AP-1 and GGAs 

localize on ARF1 compartments and understand the dynamics of a potential interaction, I 

created a triple KI cell line to visualize GGA2, AP-1 and ARF1 simultaneously (Figure 26A). In 

fact, triple KIs with all GGAs were created, but only GGA2 is shown here, as it is the most 

abundant GGA in HeLa cells86 and therefore the GGA2-signal was better detectable compared 

to GGA1 and GGA3. Strikingly, live-cell confocal spinning disk microscopy revealed that GGA2 

and AP-1 only partially overlap at the TGN (Figure 26B) and on ARF1 compartments 

(Figure 26C). Although co-localization was observed (red arrows in Figure 26B-C), also 

segregated populations of both adaptors were found on TGN and ARF1 compartments (white 

arrows in Figure 26B-C). When visualizing both adaptors over time, GGA2 was found to move 

independently of AP-1 on the ARF1 compartment (Figure 26D), however a reversible 

association of both adaptors was observed. The crowded environment at the TGN made it 

hard to follow the structures over time and additionally it was difficult to make statements about 

co-localization, therefore I focussed on ARF1 compartments for analysis of GGA2/AP-1-

dynamics. I visualized events in which AP-1 and GGA2 first co-localize before they separate, 

but also found AP-1 appearing at sites were GGA2 was already present (both type of events 

shown in Figure 26D). These observations indicate that nanodomains that harbor GGAs do 

not necessarily support AP-1, however both proteins might regulate each other function on 

ARF1 compartments and TGN. Furthermore, as the interaction seems to be transient, there 

must be a molecular mechanism in place that controls binding and dissociation of both 

proteins.   
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Figure 26: AP-1 and GGA2 transiently interact on ARF1 compartments. 

(A) Live-cell confocal spinning disk imaging of ARF1EN-eGFP/GGA2EN-Halo/AP1µAEN-SNAP HeLa 

cells labeled with BG-JFX650 and CA-JF552 allows simultaneous visualization of AP-1 and GGA2 on 

ARF1 compartments. GGA2 and AP-1 were found on segregated nanodomains (white arrows) and 

co-localizing to the same nanodomains (red arrows) on (B) TGN and (C) peripheral ARF1 

compartments. (D) Time-lapse imaging shows AP-1-independent movement of GGA2-nanodomains 

on peripheral ARF1 compartment. GGA2 seems to associates with AP-1 (see time point 5.0ò), but 

separation of both proteins is also observed (as seen in time points 1.4ò and 2.8ò). 

Data presented in this figure was generated together with FU master student Aline Daberkow and 

Jelena Mijatovic. 

Scale bars: 10 ɛm (overviews), 1 ɛm (crops). 

 

  




















































































































































