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Abstract 
 
A humanized yeast model for studying TRAPP complex mutations 

Erta Zykaj, MSc 

 

 

Rare diseases affect 3.5–5.9% of the global population and mutations in membrane trafficking 

proteins are known to cause rare disorders with severe symptoms. The highly conserved transport 

protein particle (TRAPP) complexes are key membrane trafficking regulators that are also 

involved in autophagy. Pathogenic variants in specific TRAPP subunits are linked to neurological 

disorders, muscular dystrophies, and skeletal dysplasias. Characterizing these mutations and 

their phenotypes is important for understanding general and specialized roles of TRAPP subunits. 

Patient-derived cells are not always available, which poses a limitation for the study of these 

diseases. Therefore, other systems, like the yeast Saccharomyces cerevisiae, can be used to 

dissect the mechanisms at the intracellular level underlying these disorders. The development of 

CRISPR/Cas9 technology in yeast has enabled a scar-less editing method that creates an 

efficient humanized yeast model. This project focuses on humanizing the core TRAPP complex 

subunits in yeast to generate a platform for studying TRAPP variants associated with disease in 

humans. Core yeast subunits were humanized by replacing with their human orthologs and 

TRAPPC1, TRAPPC2, TRAPPC2L, TRAPPC6A, and TRAPPC6B were found to successfully 

replace their yeast counterparts. This system was used for studying the first reported TRAPPC1 

variant identified in humans, which is a compound heterozygous mutation. I show that the 

maternal variant (TRAPPC1 p.Val121Alafs*3) is non-functional while the paternal variant 

(TRAPPC1 p.His22_Lys24del) is conditional-lethal in yeast. Results show that the paternal 

TRAPPC1 variant affects non-selective autophagy in yeast whereas membrane trafficking and 

autophagy are defective in patient fibroblasts. This study suggests that humanized yeast can be 

an efficient means to study TRAPP subunit variants in the absence of human cells, and it lays the 

foundation for characterizing further TRAPP variants through this system. 
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1. INTRODUCTION 
 

1.1 Rare diseases, their prevalence, and link with membrane traffic 
 

1.1.1 Rare diseases 

The term ‘rare diseases’ emerged in the United States by the middle of the 1970s, and it was not 

until the Orphan Drug Act of 1984 that it acquired a more stable meaning (Huyard, 2009). Being 

abandoned or ‘orphaned’ for many years due to their low prevalence in the population, rare 

diseases are also referred to as orphan diseases (Richter et al., 2015; Schieppati et al., 2008). 

Since many of the characteristics that determine a certain disease are region and context 

dependent, nowadays there are still many controversies over the definition of rare conditions, 

mainly due to the lack of agreement (Haendel et al., 2020). According to the Rare Disease Act of 

2002, rare diseases are considered those that affect 200,000 individuals or fewer in the United 

States (Khosla and Valdez, 2018). In the European Union, according to the EU Regulation on 

orphan medicinal products of 1999, rare diseases are conditions with a prevalence not more than 

50 per 100,000 individuals (Baldovino et al., 2016). Globally, rare conditions affect 3.5-5.9% of 

the population (Nguengang Wakap et al., 2020) with an estimation of around 30 million affected 

people in the U.S. (Yang et al., 2022) and over 30 million affected people in Europe (Talarico et 

al., 2022). Despite their low prevalence individually, more than 10,000 rare diseases are known 

worldwide (Haendel et al., 2020), and with the rapid improvement of genetic technologies, new 

diseases are continuously being identified (Nguengang Wakap et al., 2020). Rare variant analysis 

through exome sequencing in families with individuals that suffer from undiagnosed diseases is 

a potent method to discover ‘orphan’ gene versions (Lipatova et al., 2020). 

 

While it is difficult to define the precise cause of a rare disorder, most of them are generated by 

single-gene mutations (Yang et al., 2022). The burden that rare conditions pose for the patients, 

caregivers and society is tremendous (Cardinali et al., 2019; Garrino et al., 2015). Because of 
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their chronic and degenerative nature, these diseases extensively affect their patient’s quality of 

life. Rare disorders take time to diagnose and due to their low frequency, researchers and 

pharmaceutical companies lack incentives to invest scientific interest or money into discovering 

their underlying causes (Garrino et al., 2015). Nonetheless, it is essential to precisely and timely 

diagnose these diseases, to better guide treatments (Bick et al., 2019; Nguengang Wakap et al., 

2020). 

 

1.1.2 Membrane traffic and rare diseases 

Compartmentalization of eukaryotic cells confines metabolic activities into individual organelles. 

Macromolecules of the endomembrane system need transportation to their proper destination 

(Aridor and Hannan, 2000; Palade, 1966). This process, referred to as membrane trafficking, is 

essential for the cells and ensures that proteins are properly sorted and carried to the right location 

in the cell (Palade, 1975). Two key organelles that participate in bidirectional membrane trafficking 

are the endoplasmic reticulum (ER) and the Golgi apparatus. Entering the secretory pathway at 

the ER, proteins are then trafficked to the Golgi through transport vesicles, and the final 

destination can be either another endomembrane organelle, the plasma membrane or the 

extracellular space (Howell et al., 2006). Main regulators of intracellular trafficking are small GTP 

binding proteins of the Rab and Arf families (Cherfils and Zeghouf, 2013; Zerial and McBride, 

2001). These proteins are molecular switches that turn ‘on’ (when GTP is bound) and ‘off’ (when 

GDP is bound). Cycling between these two states is regulated by Guanine nucleotide Exchange 

Factors (GEFs) and GTPase Activating Proteins (GAPs), respectively. Once activated, the small 

GTPases interact with downstream effectors required for vesicle formation, transport and fusion 

(Behnia and Munro, 2005). 

 

Intracellular trafficking follows four important and highly regulated steps: 1. vesicle budding from 

a donor compartment, 2. vesicle transport, 3. vesicle targeting and tethering, 4. vesicle docking 

and fusion with an acceptor compartment (Bonifacino and Glick, 2004; Kaiser and Schekman, 
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1990; Sztul and Lupashin, 2006). The budding step results in the formation of membrane-

enclosed transporters (vesicles) that detach from a donor membrane with the help of coat protein 

complexes (COP). These vesicles are loaded with specific cargos selected for certain trafficking 

events (Bonifacino and Lippincott-Schwartz, 2003; Bröcker et al., 2010). Coat protein complexes 

can be classified into three main classes: clathrin, COPI and COPII (Bannykh et al., 1996; Barlowe 

et al., 1994; Bi et al., 2002; Fath et al., 2007; Kreis et al., 1995; Pearse and Robinson, 1990; 

Stephens et al., 2000).  

 

Following the budding process, the vesicle heads towards an acceptor membrane with the aid of 

cytoskeletal filaments (Klann et al., 2012). Once the vesicle is in proximity to its destination, 

tethering and then fusion take place. Tethering elements are proteins or complexes that can 

physically attach two distinct membranes together (Brunet and Sacher, 2014). They fall into one 

of two groups: coiled-coil proteins and multisubunit tethering complexes (MTCs) (Whyte and 

Munro, 2002). Amongst the multisubunit tethering complexes, the TRAnsport Protein Particle 

(TRAPP) family of complexes are well characterized in yeasts and humans (see below) (Sacher 

et al., 1998, 2000). Lastly, it is the interaction between tethering and SNARE (soluble N-

ethylmaleimide-sensitive factor attachment protein receptor) proteins that enables the process of 

fusion (Fasshauer et al., 1998; Nichols et al., 1997; Sutton et al., 1998).  

 

An increasing number of disorders linked to defects in membrane traffic proteins have been 

reported in recent years and the number of genes known to cause these predominantly 

monogenic disorders has grown from 49 genes in 2011 to 346 genes to date (García-Cazorla et 

al., 2022). Diseases caused by defects in these constituents involve multiple systems or can be 

manifested as more tissue or organ specific (Yarwood et al., 2020). One of the most sensitive 

systems to the cellular trafficking distress is the nervous system. Approximately 70% of rare 

monogenic disorders are manifested with neurodevelopmental symptoms (Condò, 2022; 

Olkkonen and Ikonen, 2006). By studying these rare Mendelian disorders, we can gain important 
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insights into the function of membrane traffic genes and their complex molecular interactions. At 

the same time, we can gather useful information which can lead to possible treatments (Antonietta 

and Alberto, 2011). 

 
 

1.2 TRAPP complexes 
 

1.2.1 Yeast TRAPP complexes 

TRAPPs are multisubunit tethering complexes initially identified in the yeast Saccharomyces 

cerevisiae as a single large complex that copurified with Bet3p (Blocked Early in Transport 3) and 

are highly conserved throughout eukaryotes (Sacher et al., 1998). At first, Bet3p was found 

associated with nine other subunits: Bet5p, Trs20p, Trs23p, Trs31p, Trs33p, Trs65p, Trs85p, 

Trs120p and Trs130p, named according to their apparent molecular weight, except Bet5p, which 

was identified in an earlier screen (Jiang et al., 1998). Subsequent work in yeast have reported 

the purification of at least three separate complexes in vitro: TRAPP I, TRAPP II and TRAPP III 

(Cai et al., 2005; Lynch-Day et al., 2010; Sacher et al., 2001). In most other species analyzed, 

only two main physiological forms are seen in vivo: TRAPP II and TRAPP III (Galindo and Munro, 

2023), while TRAPP I is suggested to be a purification artefact and a byproduct of TRAPP II and 

TRAPP III destabilization in vitro (Brunet et al., 2012, 2013; Thomas et al., 2018). This suggestion 

is further supported by studies in the filamentous fungi Aspergillus nidulans that also lack TRAPP 

I (Pinar et al., 2015, 2019) while other evidence argues that previously reported functions of 

TRAPP I are carried out by TRAPP III (Thomas et al., 2018). 

 

All TRAPPs in yeast are comprised of a common ‘core’ (TRAPP I) that includes the subunits 

Bet5p, Trs20p, two copies of Bet3p, Trs23p, Trs31p and Trs33p (Sacher et al., 2019). With the 

exception of Trs33p, all of the other core subunits are essential for cell viability (Kim et al., 2016). 

This core is present in each complex but it cannot be detected as a distinguished complex in living 

yeast cells (Thomas et al., 2018). Apart from the core, TRAPP II has four additional subunits 
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(Tca17p, Trs65p, Trs120p and Trs130p) (Choi et al., 2011; Liang et al., 2007), while TRAPP III 

has one additional subunit (Trs85p) (Lynch-Day et al., 2010) (see Table 1.1, page 6). Although 

the exact function of these extra subunits is still ambiguous, they are thought to stabilize the 

complexes by giving them substrate and compartmental specificity (Joiner and Fromme, 2018).    

 

TRAPPs are tethering elements and although their role as bona fide tethers remains to be proven, 

it is thought that they carry out this function indirectly through their activity as Rab-GEFs (Brunet 

and Sacher, 2014). In yeast, the three TRAPP complexes act as GEFs for the small GTPase Ypt1 

while TRAPP II has shown GEF activity for Ypt31 (Lipatova and Segev, 2019) and its related 

GTPase, Ypt32 (Thomas and Fromme, 2016). TRAPP II is known to function in the late Golgi, 

regulating processes like endocytosis and post-Golgi trafficking (Cai et al., 2005; Montpetit and 

Conibear, 2009), while TRAPP III is implicated in  ER-to-Golgi trafficking and autophagy (Brunet 

et al., 2013; Joiner et al., 2021; Zhao et al., 2017). 

 

1.2.2 Human TRAPP complexes 

Two main forms of TRAPPs identified in humans are TRAPP II and TRAPP III (Bassik et al., 2013; 

Zhao et al., 2017). Even though yeast TRAPP subunits are well-conserved in higher eukaryotes 

where each yeast subunit corresponds to a mammalian orthologue, humans and metazoans 

contain extra subunits for which no counterpart in yeast has been identified (Scrivens et al., 2011). 

The two distinct TRAPP complexes share a common core of 7 proteins: TRAPPC1 (Bet5p 

ortholog), TRAPPC2 (Trs20p ortholog), TRAPPC2L (Tca17p ortholog), two copies of TRAPPC3 

(Bet3p ortholog), TRAPPC4 (Trs23p ortholog), TRAPPC5 (Trs31p ortholog) and TRAPPC6A/C6B 

(Trs33p ortholog). Besides the core, TRAPP II includes TRAPPC9 (Trs120p ortholog) and 

TRAPPC10 (Trs130p ortholog), while TRAPP III includes TRAPPC8 (Trs85p ortholog), 

TRAPPC11, TRAPPC12 and TRAPPC13, where TRAPPC11 and TRAPPC12 are metazoan 

specific subunits (Riedel et al., 2018) (see Table 1.1 below).  
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MAMMALIAN 
SUBUNITS 

YEAST 
SUBUNITS 

 

TRAPP 
COMPLEX 

TRAPPC1 Bet5p I/ II/ III 
TRAPPC2 Trs20p I/ II/ III 

TRAPPC2L Tca17p II 
TRAPPC3 Bet3p I/ II/ III 
TRAPPC4 Trs23p I/ II/ III 
TRAPPC5 Trs31p I/ II/ III 

TRAPPC6A/C6B Trs33p I/ II/ III 
TRAPPC8 Trs85p III 
TRAPPC9 Trs120p II 

TRAPPC10 Trs130p II 
TRAPPC11 - III 
TRAPPC12 - III 
TRAPPC13 Trs65 III/II* 

 

 Essential 

 Non essential 

 

*TRAPPC13 is part of TRAPP III complex in mammals and Trs65p is part of TRAPP II complex in yeast. 

 

 

Table 1. 1 Mammalian and yeast TRAPP subunits. Mammalian subunits together with their 
yeast counterparts are listed and their presence in TRAPP I (I), TRAPP II (II) and/or TRAPPIII (III) 
is shown. Note that TRAPP I is only described in yeast. Essential TRAPP subunits are shaded in 
light yellow, and non essential TRAPP subunits are shaded in light blue. Orthologues between 
yeast and mammals are listed on the same row. 

 

 

Crystallographic studies of separate TRAPP core subunits show a center occupied by two longin 

domain proteins TRAPPC1 and TRAPPC4 flanked by TRAPPC5, TRAPPC6 and two copies of 

TRAPPC3. This forms a core region where the GTPase Rab1 attaches and subunits TRAPPC1, 

TRAPPC3, TRAPPC4 and TRAPPC5 prove to be sufficient for ensuring GEF activity in vitro (Cai 

et al., 2008; Kim et al., 2006; Levine et al., 2013; Montpetit and Conibear, 2009). The two 

extremities of the core bind to TRAPPC2 and TRAPPC2L which anchor the core to the unique 

subunits of TRAPP II and TRAPP III complexes. 

 

Both human TRAPP complexes act as GEFs on specific Rabs. TRAPP III activates Rab1 GTPase 

which is a master regulator of ER-to-Golgi trafficking and autophagy while TRAPP II typically 
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activates Rab11 that plays a key role in late Golgi transport (Cai et al., 2005; Jones et al., 2000; 

Wang et al., 2000). TRAPP complexes participate in crucial processes in cells with roles in vesicle 

tethering, ciliogenesis, cytokinesis, lipid droplet homeostasis, and secretion arrest induced by 

stress granule assembly (Cai et al., 2007; Li et al., 2017; Robinett et al., 2009; Westlake et al., 

2011; Zappa et al., 2019). Additionally, many studies have reported well-defined roles of specific 

TRAPP subunits in the cells, apart from their role within the TRAPP complex (Bögershausen et 

al., 2013; Milev et al., 2015; Ramírez-Peinado et al., 2017; Xu et al., 2023; Zong et al., 2011). 

 

1.2.3 TRAPP complexes and rare diseases 

The detrimental effects of mutations in genes that code for TRAPP subunits are a proof of the 

importance of TRAPP complexes in humans (Zappa et al., 2019). In recent years, numerous 

mutations have been reported in TRAPP genes and the number of diseases associated with these 

mutations is growing rapidly (Sacher et al., 2019). Characterizing these mutations helps elucidate 

functions of TRAPP proteins within the complex, but also specific activities outside the complex. 

Variants in TRAPP proteins result in a set of rare disorders that collectively are known as 

TRAPPopathies and fall mainly into three categories: neurodevelopmental disorders, muscular 

dystrophies and skeletal dysplasias (Gedeon et al., 1999; Matalonga et al., 2017; Sacher et al., 

2019). 

 

Defective vesicular trafficking and/or autophagy contribute to a diverse range of neurological 

disorders, mostly neurodegenerative in nature but also with neonatal manifestations. Some 

known mutations that impair neurodevelopment are those related to TRAPPC2L, TRAPPC4, 

TRAPPC6A/B, TRAPPC11 and TRAPPC12 (Harripaul et al., 2018; Milev et al., 2017, 2018; 

Mohamoud et al., 2018). Since some of the resulting proteins are part of the core shared by the 

two distinct complexes in humans, mutations in a core subunit are predicted to affect both 

complexes (Lipatova et al., 2020). Therefore, deficiency for TRAPP II and TRAPP III in trafficking 

and autophagy might lead to impairment of neurological functions (Tang, 2021).  
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Previously reported homozygous mutations in TRAPPC4 cause seizures, developmental delay, 

microcephaly and cerebellar atrophy and result in low levels of this core protein. Since TRAPP 

complexes are crucial in the secretory pathway and autophagy, both processes are expected to 

be affected with a more severe phenotype manifested in autophagy. Neuronal cells rely heavily 

on autophagy for removal of toxins and damaging components, which may explain the severe 

symptoms developed in the individuals who carry these mutations (Lipatova et al., 2020; Van 

Bergen et al., 2020).  

 

Variants in the TRAPPC2 gene are linked to the skeletal disorder spondyloepiphyseal dysplasia 

tarda (SEDT). This disorder affects the bones, with short-stature individuals and dysplasia of the 

extremities of large bones (Gedeon et al., 1999). All individuals with TRAPPC2 mutations suffer 

from SEDT.  The skeletal defects may be explained by the role of TRAPPC2 in the transport of 

collagen from the ER (Venditti et al., 2012). Since collagen secretion is crucial for bone 

development, the impairment of this process can most likely explain the link with this skeletal 

disorder. 

 

Mutations in TRAPPC11 affect muscle, eye, brain and liver. Some mutations can cause limb girdle 

muscular dystrophy 2S (LGMD2S) (Bögershausen et al., 2013) while other reported variants 

cause symptoms of ataxia, myopathy and intellectual disability (Fee et al., 2017; Koehler et al., 

2017; Larson et al., 2018; Liang et al., 2015; Matalonga et al., 2017; Munot et al., 2022). 

TRAPPC11 is an essential protein known to be involved in ER-to-Golgi trafficking (Scrivens et al., 

2011), autophagy (Stanga et al., 2019) and N-linked protein glycosylation (DeRossi et al., 2016), 

and impairment of these processes might lead to the phenotypes observed in disorders caused 

by TRAPPC11 variants. 
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With the expansion of TRAPP-related disorders, it becomes increasingly important to understand 

shared clinical features and also clinical divergences between TRAPP variants. This can ease 

future diagnosis, therapeutic approaches and treatments for this spectrum of rare disorders 

(Sacher et al., 2019). 

 

1.3 Classic and new approaches for studying rare diseases 
 

The next-generation-sequencing era has enabled the identification of many genes that cause a 

wide range of rare diseases and still, therapeutic approaches for these disorders continue to 

advance slowly (Hentschel et al., 2021). For studying cellular phenotypes related to a certain 

disease, one of the most suitable sources are cells derived from the affected individual carrying 

that particular variant (Vangipuram et al., 2013). Some common types of such cells are cultured 

fibroblasts and patient-derived induced pluripotent stem cells (iPSCs). Human dermal fibroblasts 

(HDF) represent an efficient cellular model for studying human diseases (Hentschel et al., 2021). 

They originate from mesenchymal cells and play an important role in the generation of the 

extracellular matrix (ECM). The most common source of fibroblasts is the skin and by performing 

a minimally invasive biopsy, HDFs can be isolated and then cultured in vitro. They adhere and 

proliferate quickly and after 3 passages a bank of 15 to 20 million cells can be obtained from just 

a 4 mm2 skin biopsy (Vangipuram et al., 2013).   

 

The advantages of using fibroblasts as a cellular disease model are: 1. they are easily obtainable 

from the individual (Vangipuram et al., 2013), 2. they are easy to maintain, 3. they can proliferate 

for long periods of time (Auburger et al., 2012), 4. they are genetically stable even after many 

passages which means that a single biopsy can provide sufficient material for numerous 

experiments, 5. they can be used to generate iPSCs. HDFs have been used in many studies as 

cellular models for characterizing mutations that are linked to rare diseases (Al-Deri et al., 2021; 
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Bögershausen et al., 2013; Milev et al., 2017), and also neurodegenerative diseases such as 

Parkinson’s (Auburger et al., 2012) and Alzheimer’s (Mocali et al., 2014; Pérez et al., 2017).  

 

Patient-derived induced pluripotent stem cells originate from reprogrammed somatic cells and 

they provide a potent approach for disease modeling and therapeutic progress for human 

diseases (Bell et al., 2017; Deyle, 2021; Kim et al., 2011). They show similar morphology and 

growth features with embryonic stem cells (ESCs) and are usually derived from fibroblasts or 

other types of somatic cells. Using different protocols, iPSCs can be differentiated into many types 

of human cells (Bayzigitov et al., 2016). iPSCs have been used for modelling many Mendelian 

diseases like neurodegenerative disorders (Ebert et al., 2009; Lee et al., 2009), cardiac disorders 

(Itzhaki et al., 2011; Moretti et al., 2010), hepatic disorders (Zhang et al., 2011) and hematopoietic 

disorders (Ye et al., 2009).   

 

Although patient-derived cells make an ideal model system for studying the molecular mechanism 

of many diseases, the procedure for obtaining these cells is more invasive than a simple blood 

test. Therefore the number of patients that agree to undergo a skin biopsy is relatively small 

(Mesdom et al., 2020). This poses a limitation when it comes to characterizing disease-causing 

mutations in humans, and therefore, other approaches that do not rely on patient cells offer new 

possibilities for studying these disorders. 

 

 

1.4 Humanized yeast as a platform for studying rare diseases 
 

Saccharomyces cerevisiae, has long been used as a model system for studying human biology 

due to its evolutionarily conserved genes and pathways that are very similar to those in humans 

(Kachroo et al., 2022; Kim et al., 2020). Most of our understanding of processes like the cell cycle, 

replication of DNA, vesicular trafficking, aging and cell death comes from studies on S. cerevisiae 

(Botstein and Fink, 2011; Hohmann, 2016). Yeast and humans share roughly 2,100 orthologous 
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genes with similar functions (Laurent et al., 2016; Remm et al., 2001) while 30% of disease-

associated genes in humans have their orthologs in yeast and can functionally replace their yeast 

counterparts (Foury, 1997).  

 

An efficient way for using yeast as an experimental tool to study human diseases is by humanizing 

yeast cells. By definition, humanization of yeast is the replacement of yeast genes with human 

orthologs (Kim et al., 2020). Laurent and colleagues have considered five degrees of yeast 

humanization: (degree 0) nonhumanized yeasts as systems for analyzing human-specific 

processes, (degree 1) heterologous expression of human genes in yeast, (degree 2) 

humanization of specific sites in yeast genes, (degree 3) humanization of complete yeast genes, 

(degree 4) humanization of entire pathways in yeast (Laurent et al., 2016).  

 

Highly conserved amino acid residues play a crucial role for protein function and they are often 

more related to human diseases (Miller and Kumar, 2001). Therefore, when a mutation in such 

residues is linked to a certain disease in humans, mimicking this mutation in the yeast homologous 

gene may indicate the impact in the protein or in the individual related to this mutation (Laurent et 

al., 2016). Because of the limited conservation, the generation of equivalent mutations in yeast 

orthologous genes is not always feasible. Many mutations in humans are due to splicing variants 

which result in truncated proteins with complete loss of structure and function (Li et al., 2019) and 

these kind of mutations are difficult to replicate in yeasts due to differences in splicing mechanisms 

between these organisms and the relative paucity of introns in yeasts (Kupfer et al., 2004; Lander 

et al., 2001).   

 

Hence, an alternative way for studying these mutations is the replacement of the entire yeast 

gene with the open reading frame (ORF) of its human ortholog. In the last 30 years, there have 

been many attempts to humanize yeast genes (Garge et al., 2021; Kachroo et al., 2015; Kim et 

al., 2020; Laurent et al., 2016), mainly due to the simplicity and effectiveness of this process 
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(Kachroo et al., 2022). The emerge and advancement of CRISPR/Cas9 technology in yeast has 

proved to be an extremely useful tool (DiCarlo et al., 2013). Unlike conventional methods, it has 

enabled the efficient replacement of yeast genes with their human orthologs in a scar-less way 

and with no need for a selectable marker (Akhmetov et al., 2018). Utilizing a method developed 

by Dueber and colleagues (Lee et al., 2015), Akhmetov et al  have humanized the essential yeast 

gene HEM2 with its human ortholog ALAD (Akhmetov et al., 2018). This approach consists of 

generating single plasmids that express both the Cas9 nuclease, acting as a pair of molecular 

scissors for creating a double-strand break in the DNA, and the guide RNA which will target any 

desired locus in the yeast genome. These plasmids, when transformed together with a repair 

template (i.e. human ORF), enable the efficient replacement of yeast genes with their human 

orthologs (Akhmetov et al., 2018; Brzáčová et al., 2021).  

 

Humanized yeast models provide efficient systems for studying the function of human genes and 

the impact of mutations in health and disease. They are invaluable tools in this regard, especially 

when human models for characterizing different disease-causing mutations are not available. 

 

 

1.5 Objective 
 

With the increasing number of rare diseases reported and the subgroup of TRAPP related 

disorders, there is a high demand for models to study these human disease-causing variants. 

Although patient-derived cells provide an ideal system for studying the molecular mechanisms 

underlying these disorders, they are not always readily obtainable, posing a limitation for the 

investigation of the gene-function relationship.  

 

My main objective is to create an efficient humanized yeast strain which can be used as a platform 

to study TRAPP variants, especially when there are restrictions in obtaining cells from an affected 

individual. Using the CRISPR/Cas9 editing tool, I will replace core TRAPP genes in yeast with 
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their human counterparts and evaluate the ability of each of them to replace their yeast ortholog. 

Secondly, I will test the applicability of this system by characterizing the first reported mutation in 

the TRAPPC1 gene. This variant is a compound heterozygous mutation in an individual that 

suffers from a severe neurodevelopmental disorder. Human TRAPPC1 and its yeast ortholog 

BET5 are both essential genes and part of the core of TRAPP II and TRAPP III complexes. I will 

perform functional experiments using humanized strains and patient-derived fibroblasts to look 

for defects in different pathways that might be affected by this mutation.    
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2. MATERIALS AND METHODS 
 

2.1  Plasmids 
 

Table 2. 1 Plasmids used in this study 
 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

2.2  Yeast strains 
 

Table 2. 2 Yeast strains used in this study 
 

Yeast strain Genotype Source  

MSY61 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet3∆::KanMX pRS315-
BET3 

Sacher  
Lab 

 

MSY62 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs23∆::KanMX pRS316-
TRS23 

Sacher 
Lab 

 

MSY64 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet5∆::KanMX pRS316-
BET5 

Sacher 
Lab 

 

Plasmid Backbone 

MSB2 pRS315 
MSB206 pRS313 
MSB230 pRS313-TRS20 

MSB1253 pRS416-GFP-ATG8 
MSB1790 pmRFP-N1-TRAPPC1 
MSB1791 pmRFP-C1-TRAPPC1 
MSB1797 pRS413-ADH1-TRAPPC1 
MSB1800 pRS413-ADH1-TRAPPC1 (c.362_363del) 
MSB1801 pRS413-ADH1-TRAPPC1 (c.64_72del) 
MSB1805 pCEN6-Cas9-GFP-KanMX 
MSB1806 pCEN6-Cas9-GFP-KanMX BET5 sgRNA1 
MSB1820 pCEN6-Cas9-GFP-KanMX TRS20 sgRNA1 
MSB1821 pCEN6-Cas9-GFP-KanMX TRS23 sgRNA1 
MSB1823 pCEN6-Cas9-GFP-KanMX BET3 sgRNA1 
MSB1824 pCEN6-Cas9-GFP-KanMX TRS31 sgRNA1 
MSB1826 pCEN6-Cas9-GFP-KanMX TCA17 sgRNA1 
MSB1829 pCEN6-Cas9-GFP-KanMX TRS33 sgRNA1 
MSB1839 pRS413-ADH1-TRAPPC5 
MSB1840 pRS413-GPD-TRAPPC5 
MSB1841 pRS423-GPD-TRAPPC5 
MSB1855 pRS413-ADH1-TRAPPC3 
MSB1856 pRS413-GPD-TRAPPC3 
MSB1857 pRS423-GPD-TRAPPC3 
MSB1858 pRS413-ADH1-TRAPPC4 
MSB1859 pRS413-GPD-TRAPPC4 
MSB1860 pRS423-GPD-TRAPPC4 
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MSY65 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs31∆::KanMX pRS316-
TRS31 

Sacher 
Lab 

 

MSY135 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Sacher 
Lab 

 

MSY362 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 trs85∆::KanMX Titorenko 
Lab 

 

MSY563 MATα his3Δ1 leu2Δ0 ura3ΔMET15 trs23Δ::KanMX pRS315-
TRS23 TRS85–3xHA::HIS3 

Sacher 
Lab 

 

MSY706 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 atg1∆::KanMX Brett Lab  
MSY710 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 atg1∆::KanMX pRS416-

GFP-ATG8   
Sacher 

Lab 
 

MSY740 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 trs85∆::KanMX pRS416-
GFP-ATG8 

Sacher 
Lab 

 

MSY766 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 pRS416-GFP-ATG8 Sacher 
Lab 

 

MSY901 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 TRS130-3xHA::HIS3 Sacher 
Lab 

 

MSY950 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet5∆::KanMX pRS316-
BET5 pRS413-ADH1 

Zykaj E.  

MSY951 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet5∆::KanMX pRS316-
BET5 pRS413-ADH1-TRAPPC1 

Zykaj E.  

MSY952 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet5∆::KanMX pRS316-
BET5 pRS313-BET5 

Zykaj E.  

MSY955 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 bet5∆ with TRAPPC1 Zykaj E.  
MSY956 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 bet5∆ with TRAPPC1 

∆HRK (c.64_72del) 
Zykaj E.  

MSY957 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 trs20∆ with TRAPPC2 Zykaj E.  
MSY958 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 TRS130-3xHA::HIS3 

tca17∆ with TRAPPC2L 
Zykaj E.  

MSY959 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 TRS130-3XHA::HIS3 
trs33∆ with TRAPPC6A 

Zykaj E.  

MSY960 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 TRS130-3XHA::HIS3 
trs33∆ with TRAPPC6B 

Zykaj E.  

MSY963 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs31∆::KanMX pRS316-
TRS31 pRS413-ADH1-TRAPPC5 

Zykaj E.  

MSY964 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs31∆::KanMX pRS316-
TRS31 pRS413-GPD-TRAPPC5 

Zykaj E.  

MSY965 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs31∆::KanMX pRS316-
TRS31 pRS423-GPD-TRAPPC5 

Zykaj E.  

MSY967 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs31∆::KanMX pRS316-
TRS31 pRS315 

Zykaj E.  

MSY968 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs31∆::KanMX pRS316-
TRS31 pRS315-TRS31 

Zykaj E.  

MSY971 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs23∆::KanMX pRS316-
TRS23 pRS313 

Zykaj E.  

MSY972 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs23∆::KanMX pRS316-
TRS23 pRS313-TRS23 

Zykaj E.  

MSY973 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs23∆::KanMX pRS316-
TRS23 pRS413-ADH1-TRAPPC4 

Zykaj E.  

MSY974 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs23∆::KanMX pRS316-
TRS23 pRS413-GPD-TRAPPC4 

Zykaj E.  
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MSY975 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 trs23∆::KanMX pRS316-
TRS23 pRS423-GPD-TRAPPC4 

Zykaj E.  

MSY976 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet3∆::KanMX pRS315-
BET3 pRS313 

Zykaj E.  

MSY977 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet3∆::KanMX pRS315-
BET3 pRS313–BET3 

Zykaj E.  

MSY978 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet3∆::KanMX pRS315-
BET3 pRS413-ADH1-TRAPPC3 

Zykaj E.  

MSY979 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet3∆::KanMX pRS315-
BET3 pRS413-GPD-TRAPPC3 

Zykaj E.  

MSY980 MATα his3Δ1 leu2Δ0 ura3Δ0 MET15 bet3∆::KanMX pRS315-
BET3 pRS423-GPD-TRAPPC3 

Zykaj E.  

MSY981 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 bet5∆ with TRAPPC1 
pRS416-GFP-ATG8 

Zykaj E.  

MSY982 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 bet5∆ with TRAPPC1 
∆HRK (c.64_72del) pRS416-GFP-ATG8 

Zykaj E.  

MSY983 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 TRS130-3xHA::HIS3 
bet5∆ with TRAPPC1 

Zykaj E.  

MSY984 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 TRS130-3xHA::HIS3 
bet5∆ with TRAPPC1 ∆HRK (c.64_72del) 

Zykaj E.  

MSY987 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 tca17∆ with TRAPPC2L Zykaj E.  
MSY988 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 trs33∆ with TRAPPC6B Zykaj E.  
MSY993 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 trs33∆ with TRAPPC6A Zykaj E.  

 

2.3 Serial dilutions 

Yeast strains inoculated in liquid YPD (3 ml), were grown overnight in a shaker 

incubator at 30°C. The OD600 was measured, normalized to the lowest value and three or four 

sets of 10-fold serial dilutions were spotted (2 µl) onto YPD plates. Yeast plates were incubated 

at 30°C as the permissive temperature and at 35°C and 37°C, as possible restrictive 

temperatures. 

 

2.4 Preparation of sgRNAs that target the yeast TRAPP genes 

 

All the single guide RNA oligonucleotides (sgRNA) targeting the yeast TRAPP genes were 

designed by Brittany Greco (a graduate student from the Kachroo Lab) using the Geneious 

software and the Doench algorithm to score sgRNA for high on target and low off target activity 

(Doench et al., 2016; Kearse et al., 2012). 
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Table 2. 3 The list of oligonucleotides designed for each sgRNA targeting the yeast TRAPP 
genes   

 
sgRNA oligos Sequence 

BET5 sgRNA1-Fp GACTTTTTACACAAAAGCTCTCCAAA 
BET5 sgRNA1-Rp AAACTTTGGAGAGCTTTTGTGTAAAA 
BET5 sgRNA2-Fp GACTTTGGTCTGTTAAAAATGACATA 
BET5 sgRNA2-Rp AAACTATGTCATTTTTAACAGACCAA 
TRS20 sgRNA1-Fp GACTTTACCAATGCAGAAAATCCACA 
TRS20 sgRNA1-Rp AAACTGTGGATTTTCTGCATTGGTAA 
TRS20 sgRNA2-Fp GACTTTAGTGATGCATGCAGTATGAA 
TRS20 sgRNA2-Rp AAACTTCATACTGCATGCATCACTA 
TCA17 sgRNA1-Fp GACTTTGATTTACGTCCCTAATGAGG 
TCA17 sgRNA1-Rp AAACCCTCATTAGGGACGTAAATCAA 
TCA17 sgRNA2-Fp GACTTTTCTGAAGTCAATTTTTCAAT 
TCA17 sgRNA2-Rp AAACATTGAAAAATTGACTTCAGAAA 
BET3 sgRNA1-Fp GACTTTCTTCAAAGACCTCGATTGCG 
BET3 sgRNA1-Rp AAACCGCAATCGAGGTCTTTGAAGAA 
BET3 sgRNA2-Fp GACTTTGCTAACATATGGGTCCATAG 
BET3 sgRNA2-Rp AAACCTATGGACCCATATGTTAGCAA 
TRS23 sgRNA1-Fp GACTTTCTTGTAATAAACAAATCAGG 
TRS23 sgRNA1-Rp AAACCCTGATTTGTTTATTACAAGAA 
TRS23 sgRNA2-Fp GACTTTATTCTTGCTAGTACACTGCA 
TRS23 sgRNA2-Rp AAACTGCAGTGTACTAGCAAGAATAA 
TRS31 sgRNA1-Fp GACTTTGCATCTGACCAACAATTCCC 
TRS31 sgRNA1-Rp AAACGGGAATTGTTGGTCAGATGCAA 
TRS31 sgRNA2-Fp GACTTTAGAAGCGTCTTTATCAGCAA 
TRS31 sgRNA2-Rp AAACTTGCTGATAAAGACGCTTCTAA 
TRS33 sgRNA1-Fp GACTTTGGACCTTGTGGAGAAGATTG 
TRS33 sgRNA1-Rp AAACCAATCTTCTCCACAAGGTCCAA 
TRS33 sgRNA2-Fp GACTTTCTCTAGCTATGGGCATTGAG 
TRS33 sgRNA2-Rp AAACCTCAATGCCCATAGCTAGAGAA 

 

Forward and reverse oligonucleotides with the sgRNA sequence and Golden Gate compatible 

overlaps were mixed (10µM each) in a total volume of 20 µl and annealed with each other using 

a thermocycler programmed to start at 95ºC and reduce the temperature in 5ºC increments every 

15 minutes. 

 

2.5 Golden Gate cloning 

 

Golden Gate cloning is an efficient cloning method that is based on using Type IIs restriction 

enzymes (endonucleases), which cut the DNA outside of their recognition site, generating 5’ or 3’ 

DNA overhangs. Therefore, through the correct design of the cleavage sites, two digested DNA 
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fragments can ligate to produce a final product that lacks the initial cleavage site. This quality has 

been used to combine numerous DNA ‘parts’ in a one pot assembly reaction where the two-step 

reaction of digestion and ligation is changed to a single step of restriction and ligation (Engler et 

al., 2008).  

 

2 µl of annealed oligonucleotides (1:500 dilution) was used in the Golden Gate reaction for the 

assembly of the sgRNA cassette into the CRISPR/Cas9 plasmid (pCEN6-Cas9-GFP-KanMX). 

The CRISPR/Cas9 plasmid was a generous gift from Dr. Aashiq Kachroo, Centre for Applied 

Synthetic Biology, Concordia University.  

  

CEN6ura direct 
cloning vector 

20 fmol (NEB biocalculator to 
calculate moles to mass) 

sgRNA annealed 
oligos (10µM) 

2 µl 

NEB T4 buffer 10x 1 µl 
NEB BsmBI fast 
digestion 

1 µl 

10mM ATP 1 µl 
T7 ligase 1 µl 
dH2O  to 10 µl final volume 

 

The following program was set in the thermocycler for the Golden Gate reaction: 

37°C for 5 min 
16°C for 5 min 
Repeat 30x  
37°C for 60 min 
85°C for 15 min 

 

2.6 Preparation of repair template DNA 
 

The repair templates (human ORFs) were amplified using oligonucleotides designed for each of 

the human TRAPP genes. 
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Table 2. 4 The list of oligonucleotides designed for each repair template 
 

Primer name Sequence 

TRAPPC1-Fp 
AATACAAAAAAAAAATACAGAACTATCGTAAGATAATCTGCTTTTGATATA
AATCATAAATCAGTGGAGCATGACTGTCCACAACCTGTAC 

TRAPPC1-Rp 
TATACGATGAATGCAATTCAATTCATCGCTTCTATTTATTTTAGGTTTTTC
TTCTGCTCATGGTTCGTGCTCAGCCAGCCCGGGCGGAGAAG 

TRAPPC2-Fp 
AAGAAAAAAAAGAGAAGGTAAACACTAATACGAATAGAGAATACAGAAA
AAACATACAAAGCACATTGAGATGTCTGGGAGCTTCTACTTTG 

TRAPPC2-Rp 
AAAAAAAAAAAAATACATACTACATATACATATACGCCATAAAAAATCTCT
GCATCTATCTTATTTCCCATCAGCTTAAAAGGTGTTTCTTC 

TRAPPC2L-Fp 
AAGTTATTGAGTTGAAAATTGAGTAAATATTCTCTCCAAAAATCAAATTGT
ACGTTTATATCACCAAACTATGGCGGTGTGCATCGCGGTG 

TRAPPC2L-Rp 
GCTCTCACTCCAAAGCAGTGACATTAAATTTTGCTTTCATTCGTGAAAGA
ATCGACTAATAAATTATCATTCAGCACACCTGTATCATCATC 

TRAPPC3-Fp 
CCATAGCTATAGAGATGGGAATGCAGAGTAAAGCTTCAAGTGTTCATTG
ATAACCAAAACTGGGTCAAAAATGTCGAGGCAGGCGAACCGTG 

TRAPPC3-Rp 
AAATAATGTATACCTAAATAACGACACCAATAATAACAAAAATCACGAAA
AAAAAAAGCTTACATGTCCATTATTCCTCTCCAGCTGGAAG 

TRAPPC4-Fp 
AAAAGGAATCTGCCTTTGCATAAGTTCAAAAGTGCAATTTTAGTGTTGGA
TTTAAACGGGAAAAATTGAAATGGCGATTTTTAGTGTGTATG 

TRAPPC4-Rp 
CTTAGTTCTAGAAGTACGTAGTATTTATTTTCTTGGTGTGAATGCGTTTA
TCTTCCGATGGCGCGTGCGTCTATGACCCAGGTCCAAAAG 

TRAPPC5-Fp 
AGGACAAGAGACACGGAAGCGACAGAAAGACAGGGAGTACTATCACCA
TCCATAATACTGGAGTAACATTATGGAGGCGCGCTTCACGCGC 

TRAPPC5-Rp 
TCAACAGTAAATATACAAACTCTTTATCCTTTTCTTGGTTTTAGGTATTTA
CCGATGTTTTGAGATGATATCAGCGGCCCTCCAGGGCCCG 

TRAPPC6A-Fp 
AGCTGAGAGTGAAGACCTCATGCCATAAAAGAAAACATACACCGGTTAT
AAAGTTGGAAGATAAACAATTATGGCGGATACTGTGTTGTTTG 

TRAPPC6A-Rp 
TCTTTTATATACACACTTATATCTATCTATATGTCGATGTACATTCTTAGA
ACAAAAATCTGTCGGACCTTTAGGATTTCGGAATCACCACC 

TRAPPC6B-Fp 
AGCTGAGAGTGAAGACCTCATGCCATAAAAGAAAACATACACCGGTTAT
AAAGTTGGAAGATAAACAATTATGGCGGATGAGGCGTTGTTTTTG 

TRAPPC6B-Rp 
TCTTTTATATACACACTTATATCTATCTATATGTCGATGTACATTCTTAGA
ACAAAAATCTGTCGGACCTCTACAGCTTCTGTATCATCAC 

 

To obtain 5 µg or more of the repair template DNA needed, PCR reactions of 150 µl were set in 

the thermocycler, using a high-fidelity polymerase. Each template PCR was verified by agarose 

gel electrophoresis and then purified to use for yeast transformation. 

 

2.7 Yeast transformations 
 

Yeast transformation for the genomic replacement via CRISPR/Cas9 plasmid  

Yeast strains were transformed using the Frozen-EZ Yeast Transformation II Kit (Zymo 

Research). EZI solution was used to generate competent cells, although it can be replaced with 
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100 mM lithium acetate with no considerable change in the efficiency of transformation (Akhmetov 

et al., 2018). EZII solution was used to store competent cells in a -80°C freezer. EZIII solution 

was used to transform yeast strains. The transformation reaction consisted of 50 μl of competent 

yeast, 500 μl EZIII solution, 500 ng of CRISPR plasmid and up to 5 μg repair template DNA (final 

volume 600 μl). Tubes were mixed gently by flicking with a finger and incubated at 30°C for 45 

min. After incubation, the tubes were centrifuged at 3500 rpm for 4 min, resuspended in 750 µl 

YPD and recovered for 1 h at 30°C without shaking.  After recovery, 500 µl of the cell culture was 

discarded and the remaining volume of 250 µl was plated on selective media (YPD + G418). 

 

Regular yeast transformation 

Yeast cells were pelleted for 2 min at 2500 rpm in tabletop centrifuge. The pellet was resuspended 

in 500 µl of sterile water and transferred to a sterile tube. The tube was centrifuged at 13000 rpm 

for 30 sec in a microfuge. The supernatant was removed, and the pellet was resuspended in 250 

µl of sterile water. 50 µl of cell suspension was added to each transformation tube and the tubes 

were centrifuged in a microfuge at 13000 rpm for 30 sec. The supernatant was removed and 163 

µl of transformation mix (120 µl 50% PEG 3350, 25 µl carrier DNA, 18 µl 1M lithium acetate) was 

added to each transformation tube along with 3 µl of appropriate plasmid. The transformation 

tubes were mixed well by vortexing and/or pipetting and were incubated in 42°C water bath for 

45 min. After incubation, the tubes were centrifuged in a microfuge at 13000 rpm for 30 sec and 

the supernatant was removed. The pellet was gently resuspended in 300 µl of sterile water and 

150 µl was plated on selective media. 

 

2.8 Primer design for confirmation via colony PCR 

 

PCR primers to confirm gene replacement were designed for each of the human ORFs replacing 

their yeast counterparts such that the forward primers annealed to the yeast 5’ untranslated region 

(UTR) and the reverse primers annealed only to the new human ORF. 



21 
 

 

Table 2. 5 Primers used to confirm humanization of yeast 

 
Primer name Sequence 

TRAPPC1-Fp GTCCTTTACTATTGACTAGTG 
TRAPPC1-Rp CATCCCGTACATCAGCTTATAC 
TRAPPC2-Fp CCCTTTACCTCTTCAAAGCCT 
TRAPPC2-Rp AAGTACATGTTGTTCGATAGC 
TRAPPC2L-Fp AAGTTCTGCCGGAAGAGCTCATC 
TRAPPC2L-Rp ATTGCGGAGATCTTCTCATCC 
TRAPPC6A-Fp GGAATCTGGTATGCACTCAC 
TRAPPC6A-Rp TGTTGTCTTGCAGGACGTAG 
TRAPPC6B-Fp GGAATCTGGTATGCACTCAC 
TRAPPC6B-Rp AACTCATCCTTGAACCTTGCAG 

 
 

2.9 Colony screening via PCR 

 

Colonies from YPD + G418 plates were picked using a pipette tip, suspended in 50 μl of water 

and microwaved at the highest power for 2 min to lyse the cells for a genomic DNA (gDNA) 

template. Using Phire Plant Direct PCR Master Mix Kit (Thermo Scientific) as the polymerase, a 

10 μl PCR reaction was set up, with confirmation primers and 2 μl of the gDNA template as listed 

below. 

 

PCR reaction  

2x Phire MIX 5 µl 
Primer F 0.5 µl 
Primer R 0.5 µl 
Template 2 µl 
H2O 2 µl 
Total 10 µl 

 

The colony PCR reactions were fractionated by agarose electrophoresis to assess successful 

replacement of the yeast gene with its human ortholog.  

 

2.10 Yeast liquid growth assays 

 

BioTek Synergy HT incubating spectrophotometer was used to perform the liquid growth assays. 

Yeast cultures of 150 µl were seeded in a 96-well plate with an initial cell density of 2.5 - 5 x 105 
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cells/ml by normalizing them to approximately 0.01 – 0.02 OD600 units, across 3 replicates. The 

cultures were grown and OD600 was measured in the microplate reader, with continuous double 

orbital shaking. The assays were performed at 30°C, 35°C or 37°C and reads were taken every 

10 - 20 min over a 30 h time period.   

 

2.11 Autophagy assays in yeast  
 
 

Processing of pre-Ape1p was assessed by monitoring different forms of the protein using western 

blot analysis (Klionsky et al., 1992). Yeast cultures of 10 ml were grown overnight to an early-to-

mid-log phase at OD600 = 0.5 – 0.8 in YPD at 30°C. 5 OD units of cells were pelleted at 2500 

rpm in a table top centrifuge for 3 min, the supernatant was removed and the pellet was 

resuspended in 5 ml pre-warmed YPD medium and incubated at 35°C or 37°C (for temperature-

sensitive mutants) or 30°C in a water bath for 1 h. For selective autophagy, 1 OD unit of cells (1 

ml culture) was immediately processed for lysis (see below). For non-selective autophagy, the 

remaining 4 OD units of cells (4 ml culture) were pelleted at 2500 rpm for 3 min, and resuspended 

in pre-warmed synthetic medium lacking nitrogen (SD-N with 0.17% yeast nitrogen base without 

ammonium sulphate and amino acids and 2% glucose), incubated for 4 h at 35°C or 37°C (for 

temperature-sensitive mutants) or 30°C and then 1 ml of culture was processed for lysis (see 

below). 

 

Processing of GFP-Atg8p was performed by monitoring the cleavage of this fusion protein using 

western analysis. 10 ml yeast cultures were grown overnight to an early-to-mid-log phase at 

OD600 = 0.5 – 0.8 in uracil drop-out medium at 30°C. 5 OD units of cells were pelleted as above 

at 2500 rpm for 3 min, the supernatant was removed and the pellet was resuspended in 5 ml pre-

warmed uracil drop-out medium and incubated at 30°C in a water bath for 1 h. After incubation, 1 

OD unit of cells (1 ml culture) was immediately processed for lysis (0 h time point) (see below). 

The remaining 4 OD units of cells (4 ml culture) were pelleted at 2500 rpm for 3 min, resuspended 
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in pre-warmed synthetic medium lacking nitrogen (SD-N with 0.17% yeast nitrogen base without 

ammonium sulphate and amino acids and 2% glucose), incubated at 30°C and 1 ml of culture 

was taken out after 1 h, 2 h, and 4 h to process for lysis (see below). 

 

2.12 Preparation of yeast cell lysates 
 

For pre-Ape1p and GFP-Atg8p processing, 1 ml of culture was transferred immediately on ice 

and 100% trichloroacetic acid (TCA) was added to 10% final concentration (100 µl) and samples 

were incubated on ice for 20 min. The precipitated proteins were pelleted by centrifugation at 

15000xg for 3 min in a microfuge. After washing 2x with 1 ml of ice-cold acetone, the pellet was 

air-dried. The dried pellet was resuspended in 1x Sample Buffer (4x SB recipe: 250mM Tris-HCl 

pH 6.8, 40% Glycerol [vol/vol], 8% SDS [w/vol], 0.2% Bromophenol Blue [w/vol]) and then an 

equal volume of glass beads was added keeping the glass beads below the level of the liquid. 

The samples were vortexed for 5 min and incubated at 70°C for 10 min. Unlysed cells were 

removed by centrifugation at 10000xg for 1 min in a microfuge and protein extracts equivalent to 

an OD600 = 0.2 units of cells (20 µl) were loaded on a 12% gel (for pre-Ape1p) or 10% gel (for 

GFP-Atg8p), resolved by SDS-PAGE and processed for western blotting using anti-Ape1 antibody 

or anti-GFP antibody (see below).  

 

2.13  RNA extraction from human fibroblasts 
 

For the purification of messenger RNA from human fibroblasts, Quick-RNATM Miniprep Plus Kit 

(Zymo Research) was used. Lysed cells were pelleted by centrifugation (500xg for 1 min) and the 

supernatant was removed. The cell pellet was resuspended in 300 µl RNA lysis buffer, centrifuged 

to remove the particulate debris and the supernatant was transferred to a nuclease-free microfuge 

tube. This sample was then passed through a Spin-Away Filter in a Collection Tube and 

centrifuged for discarding the majority of genomic DNA. Flow through was kept and mixed with 1 

volume of ethanol (99% [vol/vol]) (1:1). This mix was transferred to a Zymo-Spin IIICG Column in 
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a Collection Tube, centrifuged and flow-through was discarded. After a three-step DNase I 

treatment for removing genomic DNA, 400 µl of RNA Prep Buffer was added to the column. The 

column was then washed twice with 700 µl and 400 µl of RNA Wash Buffer, transferred to a 

nuclease-free tube and eluted with 50 µl of DNase/RNase-Free Water. The eluted RNA was 

stored at -20°C. All the steps were performed at room temperature and centrifuged at 16000xg 

for 30 sec, unless otherwise specified. 

 

2.14 Western blot analysis 

 

Samples (0.2 OD units of cells for yeast lysates and 20 μg total protein for human fibroblast lysates) 

were fractionated on SDS-polyacrylamide gels (different concentrations depending on the protein 

analyzed) for 1 h and 30 min at 110 V. The proteins were transferred to a nitrocellulose membrane 

or PVDF membrane (for LC3-II blot) for 1 h at 100 V in transfer buffer (25mM Tris, 192mM glycine, 

and 20% methanol [vol/vol]). Membranes were blocked with 5% skim milk powder in PBS-T (PBS 

with 0.1% Tween 20 [vol/vol]) for 2 h and incubated overnight at 4°C with primary antibodies diluted 

in PBS-T. The secondary antibodies diluted in PBS-T were added for 1 h at room temperature. After 

incubation with ECL reagent (Thermo Fisher) for 1 min, membranes were visualized on an 

Amersham Imager 600.  

 

2.15 Cell culture 
 

Primary fibroblasts were cultivated and propagated using Dulbecco's modified eagle medium 

(DMEM) (Wisent) supplemented with 10% (vol/vol) fetal bovine serum (FBS; Thermo Fisher 

Scientific). Cells were then incubated at 37°C in a humidified incubator with 5% CO2.  

 

2.16 Autophagy assays in mammalian cells 

 

Primary fibroblasts seeded in 6-cm diameter dishes, were washed twice with phosphate buffered 

saline (PBS) and incubated with Earl’s balanced salt solution (EBSS) (Wisent) for 0 h, 1 h and 2 



25 
 

h to induce autophagy. The cells were then lysed using 150 µl lysis buffer (150mM NaCl, 50mM 

Tris pH 7.2, 1mM DTT, 1% Triton X-100, 0.5mM EDTA, complete protease inhibitors (Roche) and 

analyzed by western blotting for the processing of LC3. The data were normalized to the tubulin 

signal developed from the same membrane as the LC3 blot. 

 
2.17 Antibodies and dyes 

 

The antibodies used were rabbit anti-Ape1 (1:2500) (gift from Dr. Daniel Klionsky, University of 

Michigan), mouse anti-GFP (1:1000) (Roche Diagnostics), rabbit anti-LC3 (1:2500) (Abcam), 

mouse anti-tubulin (1:10000) (Sigma-Aldrich), rabbit anti-mCherry (1:4000) (Abnova), rabbit anti-

mannosidase II (1:500) (gift from Dr. Kelly Moreman, University of Georgia), rabbit anti-Bet5 

(1:1000) (Sacher Laboratory), rabbit anti-Trs20 (1:1000) (Sacher Laboratory), rabbit anti-Tca17 

(1:1000) (Sacher Laboratory), rabbit anti-Trs33 (1:1000) (Sacher Laboratory), rabbit anti-

TRAPPC1 (1:1000) (Sigma), rabbit anti-TRAPPC2 (1:500) (Sacher Laboratory), mouse anti-

TRAPPC2L (1:500) (Santa Cruz), mouse anti-TRAPPC6A (1:500) (Santa Cruz) and rabbit anti-

TRAPPC6B (1:1000) (Sacher Laboratory). To visualize the DNA, staining with Hoechst 33342 

(1:2000) (Invitrogen) was used. Except for anti-mannosidase II and Hoechst which were used for 

immunofluorescence microscopy all the other antibodies were used for western blotting. The 

secondary antibodies used in this study for western analysis were goat anti-Rabbit (1:5000) 

(Seracare) and goat anti-Mouse (1:5000) (Seracare), while for immunofluorescence anti-Rabbit 

Alexafluor647 (Life Technologies) was used. The membranes in all the western blots were cut 

close to the specific region where the protein migrates for the purpose of maximizing the detected 

signal.  

 

2.18 Immunostaining of mammalian cells 

 

Fibroblast cells cultured in 12 or 6-well plates on coverslips were washed twice with PBS, fixed 

for 15 min at room temperature with 4% paraformaldehyde (PFA), quenched for 10 min in 0.1M 

glycine, and then permeabilized for 7 min in 0.1% Triton X-100 in PBS. The cells were blocked 
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with 5% blocking solution (BS) (5% normal goat serum in PBS) for 45 min at room temperature 

and then incubated with primary antibodies resuspended in 5% blocking solution (BS) overnight 

at 4°C. The cells were washed twice with PBS for 10 min each time and secondary antibodies 

resuspended in 5% blocking solution (BS) were added for 45 min at room temperature. The 

coverslips were washed one time with Hoescht in PBS for 2 min and two other times with PBS for 

10 min each wash. The coverslips were then dried for 2-3 min and mounted on clean slides using 

Prolong Gold AntiFade (Life Technologies). Nikon confocal laser scanning microscope C2 TIRF 

was used to take images of the cells. The Golgi fragmentation images were obtained with 0.20 

µm increment size and ImageJ was used to delineate the cells for each condition. The delineated 

cell images were converted to IMS files and conveyed to Imaris, a software pre-set to recognize 

Golgi structures as spherical-shaped structures (fragments) with a size no smaller than 0.550 µm. 

The number of fragments together with the area per each fragment were identified by the software 

and listed, but for this experiment, only the number of fragments was quantified. The N value for 

control cells was 75 and the N values for S1 (patient cells) and S1 + RFP-TRAPPC1 (rescued 

cells) were 78 and 81, respectively. 

 

2.19 Retention using selective hooks (RUSH) assay 
 

Fibroblasts cultured in DMEM supplemented with 10% fetal bovine serum (FBS) were used to 

monitor ER-to-Golgi vesicle transport through the Retention Using Selective Hooks (RUSH) 

system, a methodology that enables the assessment of synchronized cargo trafficking by 

examining vesicles of fluorescent cargo in the cells when biotin is added. The RUSH assay was 

carried out as previously described (Boncompain et al., 2012) and ImageJ software was used for 

quantification.  

 

RUSH system is comprised of two main components: a reporter protein tagged with a fluorophore 

and bound to a streptavidin binding peptide (SBP) and a streptavidin molecule coupled with an 
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anchored hook protein. In the absence of biotin, this complex is maintained in the donor 

compartment while upon biotin addition, the complex of the reporter protein-fluorophore-SBP will 

be released from the hook protein at the donor compartment and then transported to the acceptor 

compartment. In this way, the reporter protein can be followed up at different time points using 

confocal microscopy. 

 

Here, fibroblasts were transfected with a fluorescent cargo protein (Sialyl transferase (ST)-eGFP) 

through electroporation. This cargo protein is retained in the ER and with the addition of biotin, it 

is monitored as it leaves the ER and is transported to the Golgi. ImageJ software was used to 

quantify the fluorescence intensity in individual cells. First, the fluorescence intensity of the Golgi 

was measured in each cell to be quantified. By using images taken every two minutes, the Golgi 

was distinguished and outlined manually in every cell and for each time point, the fluorescence 

intensity was measured. With the same Golgi outlining, a random spot was chosen as 

“background” and this “background” value was used to correct the Golgi fluorescence intensity at 

each time point. Next, the total fluorescence intensity was measured for each time point by 

outlining the entire cell. With the same cell outlining, a “background” measurement was taken. 

For each time point, the background-corrected Golgi fluorescence intensity was divided by the 

background-corrected total cell fluorescence intensity. The produced values (the ratio of Golgi 

fluorescence intensity / total cell fluorescence intensity) were used to generate the graph. 
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3. RESULTS 
 

3.1 TRAPPC1, TRAPPC2, TRAPPC2L, TRAPPC6A and TRAPPC6B successfully 

replace their yeast orthologs BET5, TRS20, TCA17 and TRS33 

In an effort to create a platform in yeast that can be used for characterizing mutations in TRAPP 

subunits in the absence of patient-derived cells and since many reported mutations affect the core 

subunits, I started the humanization project within the core of the TRAPP complex. The human 

TRAPP genes and proteins, TRAPPC1, TRAPPC2, TRAPPC2L, TRAPPC3, TRAPPC4, 

TRAPPC5, TRAPPC6A and TRAPPC6B, will be referred to as C1, C2, C2L, C3, C4, C5, C6A 

and C6B, respectively. These proteins are part of the core, common to both TRAPP complexes, 

except for C2L (Tca17p ortholog), which is only found in the TRAPP II complex (see Table 1.1, 

page 6). Each human open reading frame (ORF) was PCR amplified as a repair template with 

flanking homology to the locus of interest in yeast and was assessed by replacing its yeast 

ortholog using CRISPR/Cas9 as an editing tool.  

 

For targeting the yeast locus, I prepared the yeast compatible CRISPR/Cas9 plasmid by inserting 

the sequence for a single guide RNA (sgRNA). For this, I used the CEN6 direct cloning vector 

which contains the gene for Cas9 nuclease, a KanMX resistance gene as a yeast selectable 

marker and a GFP gene which is silenced upon successful cloning of the sgRNA cassette. To 

increase the chances of replacing the yeast genes with their human orthologs, two sgRNA 

sequences (sgRNA1 and sgRNA2) targeting each yeast locus were designed, but only sgRNA1 

(see Table 2.3, page 17) was used for the purpose of this study. The Golden Gate reaction was 

used to assemble the sgRNA cassette designed for each locus and the CEN6ura direct cloning 

vector. This reaction was then utilized to transform competent bacterial cells where the white 

colonies, because of GFP gene loss, were an indication of successful constructs, while 

fluorescent colonies were an indication of non-recombinant constructs (Akhmetov et al., 2018). 

All the assembled constructs were sequence verified to verify the cloning and to check for errors. 
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Upon successful generation of the CRISPR/Cas9 plasmids and the respective repair templates 

(human ORFs), eight human TRAPP genes (C1, C2, C2L, C3, C4, C5, C6A and C6B) were tested 

for their ability to complement their yeast orthologs (BET5, TRS20, TCA17, BET3, TRS23, TRS31 

and TRS33, respectively) one by one. These genes were expressed as a single copy in the 

haploid yeast strain MSY135 (the parental strain).  As seen in Figure 3.1, after the transformation 

of the yeast cells, reactions containing C1, C2, C2L, C6A and C6B repair templates showed 

colony growth in the selective media while those containing C3, C4 and C5 did not show any 

colony growth at all. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. 1 Yeast humanization with core TRAPP genes using CRISPR/Cas9 editing tool. 
Yeast cells were transformed with ORFs from human C1, C2, C2L, C3, C4, C5, C6A or C6B as 
repair templates, in the presence of the self-containing CRISPR/Cas9 plasmid to replace their 
yeast orthologs BET5, TRS20, TCA17, BET3, TRS23, TRS31 and TRS33, respectively. The 
upper left plate is a control of cells transformed with the empty CRISPR/Cas9 plasmid that 
contains no sgRNA and no repair template is provided, therefore, it is used to evaluate the 
transformation efficiency of the yeast strains being used. The remaining plates show the results 
of the indicated sgRNA with or without (second plate from left at top as an example of the double 
stranded break (DSB)-induced lethality) repair template. The presence or absence of growth in 
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the remaining plates is an indication of rescue or not rescue from the DSB lethality of the Cas9 
nuclease when an appropriate repair template is provided.  

 

To confirm the success of replacement for C1, C2, C2L, C6A and C6B genes, I performed colony 

PCR using confirmation primers designed for each of the transformed loci in yeast (see Table 

2.5, page 21). As indicated in Figure 3.2, all the replaced loci in yeast show a band of the 

expected size, suggesting successful integration of the repair templates.  

 

 

 

 

 

 

 

 
Figure 3. 2 Colony screening via PCR confirms humanization of C1, C2, C2L, C6A and C6B 
strains. Colonies from plates transformed with the empty CRISPR/Cas9 plasmid and from plates 
transformed with C1, C2, C2L, C6A or C6B repair templates were picked and analyzed by PCR 
for correct integration of the human ORF. Lanes labeled parental strain represent negative 
controls from the parental strain transformed with the empty plasmid. The remaining lanes 
represent the lysates from cells transformed with the appropriate repair templates. The expected 
band size for each successful transformation is 274 bp for C1, 311 bp for C2, 255 bp for C2L, 428 
bp for C6A and 276 bp for C6B. 

 

For further verification and to confirm a scar-less replacement of the yeast gene with the human 

ORF, I sequenced the humanized loci (Figure 3.3) and all the sequences confirmed the presence 

of human ORFs in their respective yeast loci, replacing only the sequence between the start and 

stop codons and not affecting the 5’ or 3’ untranslated regions. The results from these experiments 

suggest that C1, C2, C2L, C6A and C6B are able to complement their yeast orthologs while this 

complementation was not successful for C3, C4 and C5. 

 



31 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 3. 3 DNA sequencing electropherograms confirm the scar-less replacement of the 
humanized yeast loci. Each of the humanized yeast strains with C1, C2, C2L, C6A or C6B repair 
templates was lysed, and genomic DNA was subjected to PCR reactions with primers annealing 
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to the 5’UTR and 3’UTR regions of the humanized yeast loci. The PCR products were sequenced 
by Sanger sequencing. The start and stop codons for each of the human ORFs are shown in red 
boxes and the corresponding untranslated regions for each yeast locus are underlined in red.  

 

3.2 TRAPPC3, TRAPPC4 and TRAPPC5 cannot complement the loss of BET3, TRS23 

and TRS31 in yeast 

Since the humanized yeast strains express the human gene from the endogenous yeast 

promotor, the reason for the unsuccessful replacements of C3, C4 and C5 might be due to their 

inability to compensate for the loss of the genes encoding their essential yeast orthologs BET3, 

TRS23 and TRS31, respectively, at low endogenous levels. I therefore set up a system to 

examine if they could compensate when overexpressed. I used haploid yeast strains in which the 

genomic copies of BET3, TRS23 and TRS31 are disrupted (bet3∆, trs23∆, trs31∆) but the cells 

are kept alive with URA3-based plasmids containing the BET3, TRS23 or TRS31. These plasmids 

can be counter-selected on plates that contain 5-fluoroortic acid (5-FOA). The product of the 

URA3 gene is orotidine 5’-phosphate decarboxylase which is an enzyme required for the 

biosynthesis of uracil. Selection of cells that have lost a URA3-based plasmid is accomplished by 

plating the cells on media containing 5-FOA. With the action of the enzyme encoded by the URA3 

gene, this compound is transformed in a toxic product, 5-fluorouracil, killing the cells that did not 

lose the URA3-based plasmid while cells that do lose this plasmid are resistant to 5-FOA (Boeke 

et al., 1984). 

 

 The bet3∆, trs23∆ and trs31∆ strains were transformed with empty vectors, or with vectors 

containing either BET3 (the bet3∆ strain), TRS23 (the trs23∆ strain), TRS31 (the trs31∆ strain) or 

either C3 (the bet3∆ strain), C4 (the trs23∆ strain) or C5 (the trs31∆ strain), under the control of 

different overexpression promoters (GPD or ADH1). As shown in Figure 3.4, none of the human 

TRAPP genes could compensate for the loss of BET3, TRS23 and TRS31 as indicated by lack of 

growth on plates containing 5-FOA. These results indicate that C3, C4 and C5 are not able to 

compensate for the disruption of their orthologous genes in yeast and reinforce the previous 
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results from the humanization experiments in yeast where C3, C4 and C5 were shown to be 

incapable of replacing their yeast counterparts BET3, TRS23 and TRS31, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3. 4 C3, C4 and C5 cannot compensate for the loss of BET3, TRS23 and TRS31 in 
yeast. Haploid yeast strains bet3∆, trs23∆ and trs31∆ were kept alive with URA3-based BET3, 
TRS23 and TRS31 plasmids, respectively. These strains were transformed with empty plasmids 
(vector), or vectors containing either BET3 (the bet3∆ strain), TRS23 (the trs23∆ strain), TRS31 
(the trs31∆ strain) under their endogenous promoters or either C3 (the bet3∆ strain), C4 (the 
trs23∆ strain) and C5 (the trs31∆ strain) under the control of the ADH1 or GPD promoters. 
Transformed cells were plated on 5-FOA to counter-select for the URA3-based plasmids.   

 

3.3 Humanized yeast strains show a slower growth phenotype compared to the 

parental yeast strains 

A previous study with humanized yeast strains revealed that although most yeast strains might 

be slightly affected by the process of humanization, many other humanized strains show highly 
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reduced growth rates that can be up to 70% slower (Boonekamp et al., 2022). Therefore, I sought 

to test the growth rate of the humanized yeast strains with C1, C2, C2L, C6A and C6B genes.  

 

For this, serial dilutions were spotted onto YPD plates. The plates were incubated at three different 

temperatures (30°C, 35°C, 37°C) and after 48h, I examined the growth phenotype of the 

humanized yeast strains. As shown in the images from the plates (Figure 3.5A), yeast strains 

humanized with C1, C2 and C2L showed a slower growth phenotype compared to the parental 

strain (MSY135) at 30°C, 35°C and 37°C, which is also the optimal temperature for human genes 

to function. In contrast, yeast strains humanized with C6A and C6B genes seemed to not be 

affected by any of the conditions.  

 

Next, I more quantitatively tested the growth rate of the humanized yeast strains in liquid medium. 

As shown in Figure 3.5B, C1, C2 and C2L strains showed slower growth rates compared to the 

parental strain in all the temperatures with a 2 – 5 h of lag phase. C6A and C6B strains showed 

growth rates similar to the parental strain at 30°C and 35°C, while at 37°C, the growth rate of the 

C6B strain was slower compared to the parental strain. This was in contradiction to the previous 

experiments in solid plates where the C6B strain seemed to grow normally even at 37°C. These 

experiments demonstrate that humanized yeast strains with C1, C2, and C2L overall show a 

partial reduction in fitness compared to the parental strain, while the growth of humanized yeast 

strains with C6A and C6B is not affected at low temperatures and they show similar fitness to the 

parental strain but C6B appears to be heat-sensitive.  
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A.                                                                  B.  

   

 

 

 

 

  

 

  

 

 

 

 

 

 

 

 
Figure 3. 5 Growth efficiency of the humanized yeast strains in solid and liquid medium. 
A) Images from the plates of C1, C2, C2L, C6A and C6B humanized yeast strains. Serial dilutions 
of the liquid cultures were spotted on YPD plates and incubated for 48 h at three different 
temperatures, 30°C, 35°C and 37°C. B) Representation of the growth curves for C1, C2, C2L, 
C6A and C6B humanized yeast strains in 30°C, 35°C and 37°C. Shown are the averages of 
OD600 for three replicates. 

 

3.4 Detection of protein expression in humanized yeast strains 

Although PCR confirmation and sequencing data prove the correct integration of human ORFs in 

their ortholog yeast loci, they do not reveal the expression of these genes in the yeast background. 

Detection of protein expression can also help address the slight defects in fitness noticed in some 

of our humanized strains which might be related to poor expression of human proteins in yeast. 

Therefore, I assessed the protein expression in humanized yeast strains through western 
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analysis. Lysates from the parental strain and the humanized yeast strains were fractionated by 

SDS-PAGE and screened with antibodies against human and yeast proteins. Depending on the 

essentiality of each yeast ortholog (see Table 1.1, page 6), I also prepared lysates from knock-

out strains (tca17∆ and trs33∆) and from strains that overexpress Bet5p Trs20p, Tca17p and 

Trs33p, as controls.  

 

When lysates of humanized yeast strains with C1, C2, C2L, C6A and C6B were blotted individually 

with antibodies against yeast proteins Bet5p, Trs20p, Tca17p and Trs33p, respectively, in the 

humanized yeast strain with C1, I did not detect any yeast protein expression (Bet5p) in any of 

the lysates, suggesting the yeast antibody was not capable of detecting this protein. For the 

humanized yeast strains with C2, C2L, C6A and C6B, yeast protein expression was detected in 

the parental strain and in the overexpression strains, while no expression of yeast proteins was 

observed in the humanized yeast strains or the knock-out strains (Figure 3.6). Next, lysates of 

the humanized yeast strains were tested with human antibodies against C1, C2, C2L, C6A and 

C6B proteins but none of the blots showed any expression of the human proteins in the yeast 

background.  

 

 

 

 

 

  
 

Figure 3. 6 Detection of protein expression in humanized yeast strains. Lysates from the 
parental strain and the humanized yeast strains with C2, C2L, C6A and C6B were fractionated by 
SDS-PAGE and analyzed by western analysis with antibodies against yeast proteins Trs20p, 
Tca17p and Trs33p, respectively. The expected band sizes for each blot are 20 kDa for Trs20p, 
17 kDa for Tca17p and 33 kDa for Trs33p. 
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The absence of yeast protein expression in the humanized yeast strains is consistent with the 

replacement of the yeast genes from human orthologs. The inability to detect the human proteins 

by western analysis suggests an antibody detection issue or that the human proteins are 

expressed at very low levels in the yeast. 

 

3.5 Humanized yeast as a platform for characterizing the first reported mutation in 

TRAPPC1 

My next objective was to test whether the humanized platform in yeast provides an optimal system 

for characterizing mutations in human genes. For this, I decided to study the first reported 

mutation in C1 which will be the focus of the following experiments in this thesis.  

 

C1 is an essential gene in humans, encoding for a protein orthologue to Bet5p in yeast that share 

33% identity and 54% similarity (see Table 4.1, page 57) (Sacher et al., 2019). C1 is part of longin 

domain (LD) proteins which are comprised of a conserved domain of 120 - 140 amino acids at 

their N-terminus (Filippini et al., 2001). Longin domains contain a core of a five-stranded β-sheets 

flanked by a single α-helix on one side and two α-helixes on the other side (Rossi et al., 2004) 

and they have been proposed to regulate many membrane trafficking processes (Schlenker et 

al., 2006). C1 and Bet5p are part of the core TRAPP subunits and therefore, they are common to 

both complexes, TRAPP II and TRAPP III.    

 

The individual who carries this C1 mutation exhibits a severe neurodevelopmental clinical 

phenotype with symptoms of global neurodevelopmental delay, lack of speech, autistic features, 

brain anomalies with delayed myelination and a myopathy with elevated creatine kinase (CK) 

levels. Whole exome sequencing showed that the best candidate for this condition is a compound 

heterozygous mutation in C1. In the maternal variant, p.(Val121Alafs*3), a deletion of two 

nucleotides (c.362_363del) results in a frameshift mutation which introduces a premature stop 

codon, altering the C-terminal 24 amino acids. In the paternal variant, p.(His22_Lys24del), a 
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deletion of nine nucleotides (c.64_72del) results in an in-frame 3 amino acid deletion in the variant 

protein (Figure 3.7A). As illustrated from the structure of the C1 protein depicted in Figure 3.7B, 

the p.(Val121Alafs*3) mutation deletes an entire α-helix of the longin domain protein while the 

p.(His22_Lys24del) mutation deletes three amino acids of a short loop connecting two strands of 

the β-sheet. Therefore, I would speculate that deleting a whole α-helix would have a more 

dramatic effect on the protein than a small 3 amino acid deletion, which might change the 

geometry of a portion of the protein. 
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DNA sequence change Amino acid change (three-
letter code) 

Mutation 

C1 (c.362_363del) C1 p.Val121Alafs*3 Frameshift 

C1 (c.64_72del) C1 p.His22_Lys24del In-frame deletion 
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Figure 3. 7 The compound heterozygous mutation in the C1 protein highlighted in the 
primary and tertiary structure and standard nomenclature for C1 mutations and variants. 
A) C1 p.(Val121Alafs*3) and C1 p.(His22_Lys24del) variants are predicted in the amino acid 
sequence of the C1 protein. Shown are the reference and the predicted sequence of the protein 
for both variants and the nomenclature for C1 mutations and variants. B) C1 p.(Val121Alafs*3) 
and C1 p.(His22_Lys24del) are highlighted in red in the structure of the C1 protein. Interacting 
subunits of the TRAPP core with C1 are included partially in the figure. Shown are: C1 
p.(Val121Alafs*3) variant in dark red, C1 p.(His22_Lys24del) variant in light red, C1 subunit in 
yellow, C3 subunit in cyan, C4 subunit in light pink and C6 subunit in hot pink.   

 

There were two reasons for using the mutant C1 as a candidate to test our humanized platform 

in yeast. First was the fact that wild-type C1 can replace BET5 in yeast and second was the 

presence of fibroblast cells from the patient bearing the C1 mutation. This would allow me to 

compare the phenotype of the humanized yeast platform with that of human cells. As a source of 

each variant, I extracted messenger RNA (mRNA) from the patient fibroblasts and used it to 

synthesize complementary DNA (cDNA). Utilizing the synthesized cDNA, I performed PCR to 

generate the repair templates to humanize the yeast for both mutations in C1.  

As a first estimate to see whether I would be able to humanize yeast strains with both C1 

mutations, I examined the overexpression of each variant in yeast devoid of BET5 (bet5Δ) 

containing a URA3-based wild type BET5 in the presence of 5-FOA.  

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8 C1 (c.64_72del) but not C1 (c.362_363del) can compensate for the loss of BET5 
in yeast. Haploid yeast strain bet5∆ kept alive with URA3-based BET5 was transformed with an 
empty plasmid, with a vector containing BET5 under its endogenous promoter or with vectors 
expressing either C1, C1 (c.362_363del) or C1 (c.64_72del) under the control of the ADH1 
promoter. Transformed cells were plated on 5-FOA to counter-select for the URA3-based 
plasmids.   

 

As shown in Figure 3.8, only BET5, C1 and C1 (c.64_72del) could compensate for the loss of 

BET5 as indicated by growth on plates containing 5-FOA, while C1 (c.362_363del) was non-

functional and did not support the growth of bet5∆ yeast strains on 5-FOA.  

 

Knowing that when overexpressed, the maternal variant C1 p.Val121Alafs*3 (expressed from C1 

c.362_363del) is lethal and the paternal variant C1 p.His22_Lys24del (expressed from C1 

c.64_72del) is functional, I tested their functionality in the humanized yeast platform under the 

control of the endogenous BET5 promoter. For this, I used the CRISPR/Cas9 plasmid and C1 

(c.362_363del) and C1 (c.64_72del) as repair templates. As seen in Figure 3.9, after the 

transformation of the yeast cells, humanized strains with C1 and C1 (c.64_72del) showed colony 
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growth in the selective media while humanized strains with C1 (c.362_363del) could not support 

yeast growth.  

 

 

 

 

 

  

 

Figure 3. 9 Yeast humanization with C1 (c.362_363del) and C1 (c.64_72del) using 
CRISPR/Cas9 editing tool. Yeast cells were transformed with either C1, C1 (c.362_363del) or 
C1 (c.64_72del) repair templates, in the presence of the self-containing CRISPR/Cas9 plasmid. 
In one control (left-most), the cells were not transformed with guide RNA or repair template to 
evaluate the transformation efficiency. A second control (second from left) used only gRNA to 
demonstrate the lethality of a DSB. The presence or absence of growth in the remaining plates is 
an indication of rescue or no rescue from the DSB lethality of the Cas9 nuclease when an 
appropriate repair template is provided. 

 

These results confirmed that the maternal variant C1 p.Val121Alafs*3 (expressed from C1 

c.362_363del) was lethal and suggested that the paternal variant C1 p.His22_Lys24del 

(expressed from C1 c.64_72del) was functional at endogenous Bet5p levels. Replacement with 

either wild type C1 or C1 (c.64_72del) was confirmed by colony PCR (Figure 3.10, upper panel) 

and DNA sequencing (Figure 3.10, lower panel). These results confirm the functionality of C1 

(c.64_72del) in yeast and the ability of this mutant to complement the BET5 gene.  
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Figure 3. 10 Colony PCR screening and DNA sequencing confirm humanization of the 
yeast BET5 locus with C1 (c.64_72del). The upper panel shows an image from the colony PCR 
products of the transformation of yeast strains with C1 (c.64_72del) using humanized C1 strain 
and parental strain as controls. The expected band size for each successful transformation is 274 
bp for C1 and 265 bp for C1 (c.64_72del). The lower panel shows the electropherogram of the 
humanized yeast locus with C1 (c.64_72del). The start and stop codons are shown in red boxes, 
the location of the 9-nucleotide deletion for C1 (c.64_72del) ORF is indicated and the 
corresponding UTR regions for the BET5 yeast locus are underlined in red.  

 
 
3.6 Humanized yeast with C1 (c.64_72del) is a conditional-lethal mutant 

Since the C1 (c.64_72del) mutant was functional and could replace the BET5 gene in yeast, I 

decided to look at the growth efficiency of this mutant in solid and liquid media using the parental 

strain (MSY135) and the humanized C1 strain as controls. The solid plates were incubated at 

three different temperatures (30°C, 35°C, 37°C) and after 48h, I examined the growth phenotype 

of the humanized strain.  

 

As shown in Figure 3.11A, yeast strains humanized with C1 (c.64_72del) showed a slower growth 

phenotype compared to the parental strain (MSY135) at 30°C, an even slower growth at 35ºC 

and no growth at 37°C. These observations are consistent with the results from the liquid growth 

curves (Figure 3.11B) where the C1 (c.64_72del) strain shows a slower growth rate at 30°C 

compared to the parental MSY135 strain and is essentially non-functional at 35°C and 37°C. 

These results demonstrate that C1 (c.64_72del) humanized yeast strain is a conditional-lethal 

mutant, and its growth is sensitive to temperatures above 30°C. Although the C1 (c.64_72del) 

mutation complements BET5 in yeast, its functionality is not comparable to the wild type C1 at 

30°C.  
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A.                                                                  B. 

   

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 11 Growth efficiency of humanized C1 (c.64_72del) strain in solid and liquid 
medium. A) Images from the plates of parental strain (MSY135) and humanized yeast strains 
with C1 and C1 (c.64_72del). Serial dilutions of the liquid cultures were spotted on YPD plates 
and incubated for 48 h at three different temperatures, 30°C, 35°C and 37°C. B) Representation 
of the growth curves for MSY135 and humanized yeast strains with C1 and C1 (c.64_72del) at 
30°C, 35°C and 37°C. Shown are the averages of OD600 for three replicates. 
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3.7 Non-selective autophagy is defective in the humanized C1 (c.64_72del) yeast 

strain 

The fact that the mutant C1 (c.64_72del) showed to be conditional-lethal presented me with the 

ability to characterize this mutation in our humanized platform by growing this strain at permissive 

and restrictive temperatures. Since C1 subunit is part of both TRAPP complexes in humans and 

knowing that TRAPP III functions in autophagy, I tested whether C1 (c.64_72del) affected 

autophagy.  

 

Depending on the media in which the cells are grown, the presence of a nitrogen source (rich 

media) or the absence of a nitrogen source (starvation media) can help distinguish between the 

selective cytosol-to-vacuole (Cvt) autophagic pathway (+ nitrogen) and the non-selective pathway 

(- nitrogen). Cvt pathway occurs continuously during the cell growth in conditions rich in nutrients 

while the non-selective pathway is usually triggered by starvation (Cheong and Klionsky, 2008). I 

probed first for the marker protein Ape1p which in the presence of nitrogen undergoes the 

selective pathway and in the absence of nitrogen is transported to the vacuole in a non-selective 

manner (Scott et al., 1996). The processing of Ape1p is monitored by detecting the levels of the 

precursor of the protein and its processed form by SDS-PAGE/western analysis. When an 

antibody against Ape1p is used, the latter form appears as a faster migrating species compared 

to the former. As shown in Figure 3.12A, the processing of Ape1p in the presence of nitrogen 

(+N panel) was completely blocked for the humanized strain with C1 and C1 (c.64_72del) 

compared to the parental strain, suggesting that selective autophagy is impaired in the two 

humanized strains. In starvation conditions, when Ape1p is processed by non-selective 

autophagy (-N panel), at 30°C, there was a notable amount of precursor Ape1p and a very small 

amount of mature Ape1p detected in the humanized C1 (c.64_72del) strain compared to the 

humanized C1 strain and the parental strain, suggesting a defect in non-selective autophagy of 

Ape1p in the C1 (c.64_72del) strain. At 35°C, no processing of the Ape1p was detected from the 

precursor to the mature form in the humanized C1 (c.64_72del) strain compared to the humanized 
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C1 strain and the parental strain, although the humanized C1 strain at this temperature, showed 

less processing of Ape1 marker protein compared to the parental strain. At 37°C, both humanized 

strains with C1 and C1 (c.64_72del) were defective in non-selective autophagy and showed no 

processing of Ape1p compared to the parental strain. These results indicate that humanized 

strains with C1 and C1 (c.64_72del) are both defective in selective autophagy while C1 

(c.64_72del) impairs non-selective autophagy of Ape1p. 

 

To further evaluate whether the C1 (c.64_72del) mutation affects non-selective autophagy, we 

examined the processing of GFP-Atg8p. Under starvation conditions, this fusion protein is taken 

up in the vacuole in a non-selective manner and cleaved, releasing GFP which is resistant to the 

proteolytic enzymes of the vacuole. The appearance of free GFP can be used as a marker which 

can be detected through western analysis over time (Shintani and Klionsky, 2004). As seen in 

Figure 3.12B, at 30°C, in the parental strain and the humanized C1 strain, there was an increase 

in the amount of free GFP over time, whereas the humanized C1 (c.64_72del) strain accumulated 

only the full-length GFP-Atg8p but not the GFP. Collectively, these results demonstrate that C1 

(c.64_72del) affects the non-selective autophagy of Ape1p and GFP-Atg8p while both the mutant 

and wild type C1 appear to affect selective autophagy. 

 

A. 
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B.  

 

 

 

 

 

 

 

 

 

Figure 3. 12 Non-selective autophagy is affected in the humanized C1 (c.64_72del) strain. 
A) The parental strain MSY135 and the humanized strains with C1 and C1 (c.64_72del) were 
grown in rich (+N panel) or nitrogen starvation (-N panel) medium to induce autophagy at three 
different temperatures, 30°C, 35°C and 37°C, as described in Materials and Methods section. The 
mutant strains atg1∆ and trs85∆ were used as controls to show defects in autophagy. Equal 

amounts of protein were fractionated by SDS–PAGE and analyzed by western analysis using 
anti-Ape1p IgG. The parental strain is normal for processing Ape1p in both rich and starvation 
conditions at all temperatures. The humanized C1 strain is defective for selective autophagy but 
shows full processing of Ape1p when switched to starvation medium at 30°C and partial 
processing of the marker protein at 35°C. The humanized C1 (c.64_72del) strain is defective for 
selective autophagy and shows little processing of Ape1p when switched to starvation medium at 
30°C and no processing at other temperatures. B) The parental strain MSY135 and the 
humanized strains with C1 and C1 (c.64_72del) expressing plasmid-based GFP-Atg8 under the 
control of the endogenous ATG8 promoter were grown in nitrogen starvation medium (SD-N) to 
induce autophagy at 30°C. The mutant strains atg1∆ and trs85∆ were used as controls to show 

defects in autophagy. At the indicated times, aliquots were removed and protein extracts prepared 
and fractionated by SDS-PAGE. Using anti-GFP antibody, full-length GFP-Atg8p and free GFP 
were detected by western analysis. The parental strain and the humanized C1 strain show 
accumulation of free GFP over time while the humanized C1 (c.64_72del) strain does not show 
generation of free GFP under these conditions. 
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3.8 Fibroblasts from the affected individual with TRAPPC1 mutations do not show an 

accumulation of LC3-II during starvation 

Since we had received fibroblast cells from the individual with the compound heterozygous 

mutation in C1, I sought to perform experiments to characterize the cellular defects. I first 

characterized these cells for an autophagic defect to assess whether the results from this 

experiment would parallel those in yeasts.  

 

For this purpose, I used a starvation assay in which the fibroblasts are deprived of nutrients and 

serum, and which allows the monitoring of LC3-II expression levels through western analysis. 

LC3, the mammalian ortholog of yeast Atg8p, is synthesized as proLC3, a soluble unprocessed 

form that is proteolytically processed into LC3-I and finally is modified into LC3-II (the 

phosphatidylethanolamine-conjugated form), which is associated with membranes. The cells 

need to be deprived of nutrients, otherwise it is difficult to interpret LC3-I and LC3-II protein levels 

(Klionsky et al., 2021). 

 

Initially, control and patient fibroblasts were starved for up to 2 h in EBSS starvation medium to 

induce autophagy. Cell lysates were collected at 0 h, 1 h and 2 h time points. As indicated in 

Figure 3.13A and quantified in Figure 3.13B, control cells showed an increase of LC3-II over the 

2 h period. In contrast, patient cells did not show significant differences in the level of LC3-II over 

time compared to the control cells, while they show stable levels of LC3-I over the same 2 h 

period. The failure to convert LC3-I to LC3-II suggests a defect in autophagosome formation in 

these cells. It is worth noting though that autophagy is a highly dynamic process and the detection 

of LC3-II levels only at a specific time point is not sufficient for evaluating the overall autophagic 

flux.  
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Figure 3. 13 Patient fibroblasts harboring the compound heterozygous TRAPPC1 mutation 
show a defect in autophagy compared to control cells. A) Control (CTRL#1) and patient 

fibroblasts (S1) were starved (EBSS medium) for up to 2 h and cell lysates were collected at 0 h, 
1 h and 2 h time points. Shown is a representative western blot where the expected bands for 
LC3-I, LC3-II and tubulin (loading control) are indicated. LC3-I migrates at ~17 kDa and LC3-II 
migrates at ~15 kDa. B) Quantification of the western blots with LC3-II signal normalized to the 
tubulin loading control. Quantification was done with ImageJ. The error bars indicate SEM. 
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3.9 Wild type TRAPPC1 rescues a membrane trafficking defect and Golgi 

fragmentation in patient fibroblasts 

TRAPP complexes are involved in ER-to-Golgi trafficking and late Golgi transport in mammals 

and C1 protein is part of the core TRAPP subunits of the two TRAPP complexes involved. Hence, 

patient fibroblasts were examined for defects in membrane trafficking using the RUSH system. In 

this assay, a fluorescent cargo protein (ST-eGFP) is kept in the ER until biotin is administered. 

Upon biotin addition, the cargo exits the ER and is transported to the Golgi and the fluorescent 

signal is monitored and quantified as it occupies the Golgi, indicating therefore the ER-to-Golgi 

traffic (Boncompain et al., 2012; Milev et al., 2019).  

 

As illustrated in Figure 3.14A,B, the fluorescence intensity in the control cells increased over time 

as the cargo protein arrived at the Golgi. In contrast, the patient fibroblasts (S1) displayed a delay 

in the arrival of the cargo protein at the Golgi compared to the control cells. These results 

demonstrate that patient fibroblasts are defective in membrane trafficking events along the 

biosynthetic pathway. This defect is due to non-functional C1 since patient cells transfected with 

a construct of the wild type C1 tagged with red fluorescent protein (RFP) rescued the trafficking 

defect.  

 

Next, I looked at the Golgi alterations in patient fibroblasts. Previous studies have reported 

changes in the Golgi morphology in patients with mutations in TRAPP subunits (Bögershausen 

et al., 2013; Milev et al., 2017, 2019). With this is mind, the fragmentation of the Golgi into small 

structures was quantified in the patient fibroblasts (S1) and was compared to the control cells.  To 

visualize the Golgi, an antibody that recognizes the Golgi resident protein mannosidase-II (Man-

II) was used. As shown in Figure 3.14C, the number of Golgi fragments in patient cells is 

significantly higher compared to the control. The transfection of patient cells with a construct of 

the wild type C1 fused to RFP significantly rescued this phenotype, confirming that the Golgi 

morphological alterations are C1-dependent. 
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B.                                                                      C. 

  

 

 

 

 

 

 

 

Figure 3. 14 Trafficking from the ER-to-Golgi is delayed, and Golgi morphology is altered 
in patient fibroblasts harboring a compound heterozygous TRAPPC1 mutation. A) The 
RUSH assay was performed on control, S1 patient fibroblasts and S1 + RFP-C1 patient fibroblasts 
using ST-eGFP cargo protein. The cells were imaged every 2 min over a period of 30 min upon 
biotin addition, which causes the release of the cargo protein from the ER. Fluorescence intensity 
in the Golgi was quantified using ImageJ as described in Koehler et al., 2017. B) Representative 
images of the cells in each condition for the time points indicated are shown. C) Control 
fibroblasts, patient fibroblasts untransfected or transfected with a C1 construct fused to RFP were 
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fixed and stained for Man-II to visualize Golgi and Hoechst to visualize the nucleus. The number 
of Golgi fragments per cell was quantified using Imaris as described in the Materials and Methods 
section. For estimating the statistical significance, one-way ANOVA was used with post hoc Tukey 
HSD analysis. The error bars indicate SEM. The N values for control, S1 and S1 + RFP-C1 are 
75, 78 and 81 respectively in three different replicates. 
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4. DISCUSSION 
 

4.1 An efficient humanized yeast system for characterizing TRAPP mutations 

The scarcity in human cellular models represents a major challenge for studying the globally 

increasing number of rare diseases in general and TRAPPopathies in particular. This can be 

attributed at least in part to the limited number of patients diagnosed with rare conditions who 

agree to provide cells through invasive techniques such as skin and deeper tissue biopsies. To 

overcome this difficulty, there is a need for using other models to characterize disease-causing 

variants in humans. The yeast, Saccharomyces cerevisiae, has long been used as a model 

organism for studying human processes due to the remarkable degree of gene conservation 

between the two organisms. Therefore, using CRISPR/Cas9 as an editing tool, I generated a 

platform in yeast that would enable the characterization of mutations in human TRAPP genes in 

the absence of patient-derived cells. Analyzing first the core TRAPP genes, my project has 

demonstrated that C1, C2, C2L, C6A and C6B can complement individually their orthologs BET5, 

TRS20, TCA17 and TRS33, respectively, in yeast. However, C3, C4 and C5 could not replace 

their corresponding yeast counterparts, BET3, TRS23 and TRS31 respectively (Figure 3.1). 

These results were confirmed by plasmid-based assays in yeast which proved that none of these 

genes, even when expressed under strong promoters, were able to compensate for the loss of 

their yeast orthologs (Figure 3.4). Despite the successful and scar-less replacement of their yeast 

equivalents by some of the human core TRAPP genes, C1, C2 and C2L humanized strains 

revealed slightly compromised fitness compared to the parental yeast strain, a feature more 

pronounced in temperatures above 30°C while the C6B humanized strain was found to be heat-

sensitive (Figure 3.5A,B).  

 

The growth-delays observed in the humanized strains here have also been reported in other 

studies that explored humanized yeast systems (Boonekamp et al., 2022; Garge et al., 2020). 

Although the exact mechanisms that contribute to this decrease in growth efficiency are not 
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known, the adverse environment in yeast, alterations in function and regulation of human genes 

or failure of human orthologs to complement the yeast protein’s moonlighting functions might be 

contributing factors. Therefore, a more detailed assessment of other specific phenotypes might 

help to better explore the underlying causes of growth differences that characterize humanized 

yeasts.   

 

After generating a set of individually engineered strains with human TRAPP genes expressed at 

their native loci, the applicability of this system in studying human variants was investigated. 

Within the context of this study, the focus was to use this system as a test platform to characterize 

the first reported compound heterozygous mutation in C1, where a deletion of two nucleotides 

(c.362_363del) in the maternal variant (C1 p.Val121Alafs*3) alters an entire α-helix at the C-

terminus of this longin domain protein while a deletion of nine nucleotides (c.64_72del) in the 

paternal variant (C1 p.His22_Lys24del) affects a short loop bridging two strands of the β-sheet 

structure (Figure 3.7). Towards this goal, yeast humanization with both mutants individually 

showed that the C1 (c.362_363del) is lethal and cannot replace BET5 in yeast while the C1 

(c.64_72del) is functional and can complement its ortholog BET5. The C1 (c.64_72del) mutant 

was tested for its growth efficiency under different temperature conditions (30°C, 35°C and 37°C) 

and the growth rate of this mutant was substantially compromised at 35°C and 37°C, indicating 

that it is a conditional-lethal mutant (Figure 3.11A,B).  

 

The phenotypes observed for these two mutants might be better explained by looking at the 

structure of the C1 protein (Figure 3.7B) and the data that comes from crystallographic and cryo-

EM studies which have revealed the structure of the TRAPP core (Galindo et al., 2021; Galindo 

and Munro, 2023; Kim et al., 2006; Mi et al., 2022; Tan et al., 2013; Yip et al., 2010). The octameric 

core forms an elongated rod with two flattened surfaces which accommodates the C1 and C4 

proteins in the center.  As two longin domain proteins, C1 and C4 also form most of the catalytic 

site for activating Rab GTPases. As shown in Figure 3.7B, C1 has three close core interactors, 
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C4 (in light pink), C3 (in cyan) and C6 (in hot pink).  In the C1 p.Val121Alafs*3 variant (expressed  

from C1 c.362_363del), the entire α-helix at the C-terminus of the protein, which is in close 

proximity to the C6 subunit, is deleted. Therefore, the removal of this α-helix would be expected 

to have a major effect on the protein as it would interfere with the structure of this longin domain 

protein. This might explain the non-functionality of the maternal variant C1 p.Val121Alafs*3 in the 

yeast. On the other hand, in the C1 p.His22_Lys24del variant (expressed from C1 c.64_72del), 

the 3 amino acid deletion affects a portion of the protein which is a short peptide that connects 

two domains of a secondary structure and is close to the catalytic site where C1 and C4 

accommodate and activate Rab GTPases. Although previous reports have revealed the 

importance of loops in the folding/geometry of proteins (Jappelli et al., 1992; Rose et al., 1985), 

the partial truncation of this loop might reflect less severe effects on the geometry of the protein. 

Indeed, previous studies have revealed that when perturbations are introduced by mutations in 

the structure of the protein, they might change the connection between elements of the system 

(atoms/residues) which in turn might provoke changes in the functional site and other sites of the 

structure (DuBay et al., 2015; Guarnera and Berezovsky, 2019; Prabantu et al., 2020). This might 

explain why in fact the paternal variant C1 p.His22_Lys24del, contrary to C1 p.Val121Alafs*3, 

acts as a conditional-lethal variant. 

 

The C1 (c.64_72del) mutant was further characterized for defects in autophagy. Based on 

preApe1p processing in rich medium under permissive and restrictive temperatures, this mutant 

affected the cvt pathway while in starvation conditions, the C1 (c.64_72del) showed considerable 

defects in preApe1p processing in temperatures above 30°C (Figure 3.12A). Examination of the 

processing of GFP-Atg8p fusion protein under starvation conditions revealed that non-selective 

autophagy was also strongly affected in the C1 (c.64_72del) mutant (Figure 3.12B). Although 

these results imply that non-selective autophagy might be substantially affected by this mutation, 

it is difficult to draw a similar conclusion for selective autophagy (cvt pathway) since also the C1 

humanized strain seemed defective for preApe1 processing in rich conditions compared to the 
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parental wild type strain. Therefore, further optimization of these experiments would help draw 

more conclusive results to the degree that this mutation might affect autophagy.  

 

In an effort to reinforce these results, I performed parallel experiments in fibroblasts derived from 

the patient who carries the compound heterozygous mutation in C1. These cells were tested for 

defects in autophagy, membrane trafficking and for alterations in Golgi morphology, phenotypes 

which have been previously reported in different TRAPPopathies (Bögershausen et al., 2013; 

Milev et al., 2017, 2018, 2019). Autophagy was examined by looking at the levels of LC3-II over 

time induced by starvation conditions since the amount of LC3‑II is associated with the number 

of autophagosomes (Mizushima and Yoshimori, 2007). Patient fibroblasts did not show changes 

in the levels of LC3-II over the course of starvation compared to the control cells in which the level 

of this protein increased with time (Figure 3.13A). This suggests a defect in the autophagosome 

formation in patient cells although it is not yet clear if there are also defects in the autophagic flux. 

Hence, in the future, treatment with lysosome inhibitors that block the autophagosome-lysosome 

fusion and partially inhibit the degradation of LC3-II, would enable a more accurate assessment 

of the precise step in this pathway that is blocked. 

 

Membrane trafficking defects were studied using the RUSH assay in which patient fibroblasts 

showed weaker Golgi fluorescence intensity over time compared to the control (Figure 3.14A). 

This suggests a delay in the trafficking process and less cargo-transporting vesicles since at the 

end of the 30 min movie the maximum Golgi intensity was less than the control. This defect was 

rescued through the transfection of patient cells with a wild type C1-RFP construct confirming that 

it is related to the C1 mutation. Investigation of Golgi alterations showed that the number of Golgi 

fragments in the patient fibroblasts is significantly higher compared to the control cells, a 

phenotype that was rescued when these cells were transfected with a wild type C1-RFP construct 

(Figure 3.14C). The term Golgi ‘fragmentation’ here describes the alterations in the Golgi 
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morphology. However, it is important to emphasize that the Golgi structure is very dynamic and 

can very quickly go through remodeling on certain physiological or pathological conditions. Since 

the pattern of Golgi fragments depends on the nature of the cellular pathway that modifies the 

Golgi ribbon, we should be careful to discriminate between different types of Golgi fragmentation 

taking place. Therefore, the inclusion of additional information from other methods of observation 

such as electron microscopy, high resolution optical microscopy or staining with various Golgi 

markers, would be more beneficial in observing this phenotype related to Golgi morphology 

(Makhoul et al., 2019). 

 

Taken together, all these data highlight the efficiency of the humanized yeast as a platform to 

characterize mutations in TRAPP genes and also suggest a possible correlation between the C1 

variant and the severe neurodevelopmental delay from which the individual bearing the C1 

mutations suffers. This latter suggestion is related with the use of this system for addressing 

variants of unknown or uncertain significance (VUSs). VUSs are variants for which the clinical 

significance, therefore the association with the risk of disease, is not clear (Hoffman-Andrews, 

2018). In this study, I applied this platform to address the significance of a compound 

heterozygous mutation in TRAPPC1 identified as a VUS from genetic testing data, where the 

maternal variant showed to be lethal and could not replace its yeast counterpart while the paternal 

variant manifested as a conditional phenotype. Therefore, setting up this system with other 

TRAPP proteins will allow us to rapidly test additional VUSs and find out whether they show any 

clinical significance. Such a system would also have more general benefits to quickly analyze an 

VUS if its yeast orthologue can be humanized. 

 

4.2 Future directions 

In this study, I individually humanized core TRAPP genes in yeast using CRISPR/Cas9 in a single 

step and scar-less approach for engineering genes in yeast. These efforts lead to the generation 

of five novel individually humanized strains with C1, C2, C2L, C6A and C6B and to one novel 
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humanized strain with C1 (c.64_72del). Since C3, C4 and C5 did not complement their yeast 

orthologs, work towards humanizing these remaining core genes is in progress. Looking at the 

percentage of identity and similarity for these genes, it was surprising why these replacements 

were not permitted (see Table 4.1 below).  

 

Table 4. 1 Humanization of yeast with human core TRAPP genes and the conservation 
between yeast and human proteins 
 
 

HUMAN 
PROTEIN 

YEAST 
PROTEIN 

 

REPLACEMENT 
IN YEAST 

% 
IDENTITY/SIMILARITY 

GROWTH 
PHENOTYPE 

C1 Bet5p + 33/54 partially 
affected 

C1 
p.Val121Alafs*3 

Bet5p - N/A N/A 

C1 
p.His22_Lys24del 

Bet5p + N/A conditional-
lethal 

C2 Trs20p + 34/52 partially 
affected 

C2L Tca17p + 24/43 partially 
affected 

C3 Bet3p - 56/76 N/A 
C4 Trs23p - 29/44 N/A 
C5 Trs31p - 31/52 N/A 

C6A Trs33p + 35/51 normal 
C6B Trs33p + 33/47 partially 

affected 

 

With respect to C3, the best conserved protein that shows the highest percentage of identity and 

similarity with its yeast counterpart Bet3p (56/76), I expected success in humanizing its ortholog 

at the native locus in yeast. It is important to emphasize that C3 is the only core protein that is 

present in two copies (C3a and C3b) by flanking both sides of the core center formed by C1 and 

C4. The dimeric nature of C3 and its yeast equivalent Bet3p, which determines the stoichiometry 

of the TRAPP complex, might explain this intolerable substitution since the single gene 

replacement should generate in a sense a double protein replacement in the complex. Therefore, 

a major challenge in the future will be to make these genes humanizable in yeast. For this, we 

could employ increased homology arm length up to several hundred base pairs which might 

improve the efficiency of the replacement. Since certain genes require local interactions for 
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functional replaceability, another track to follow could be combinations of replacements, such as 

humanized C1 strain with C3 repair template or humanized C2 strain with C5 repair template. As 

we progressively humanize additional TRAPP genes in yeast, our final goal would be to assemble 

all these replacements in one strain, generating in this way a fully humanized TRAPP complex in 

yeast. 

 

A bottleneck in this study was the inability to characterize the expression among humanized 

strains via western analysis. Indeed, attempts to look at the expression of C1 in humanized yeast 

were unsuccessful due to an inefficient antibody against C1. Therefore, attempts in other 

humanized strains with C2, C2L, C6A and C6B to look at the expression of these genes in the 

yeast background showed the absence of the specific bands for yeast proteins when blotted with 

yeast antibodies against Trs20p, Tca17p and Trs33p, respectively (Figure 3.6). Still, more 

convincing proof will be needed to show expression of the human genes in the humanized system 

and future ongoing work aims at performing mass spectrometry as an analytic approach to 

quantify the expression of the yeast and human proteins in these strains. I fully expect that for the 

humanized C2 strain I will detect C2 since both the yeast and human proteins are essential. 

 

Through the humanized system, I was able to characterize the first reported mutations in C1 by 

performing functional experiments that explore pathways where this protein is involved such as 

selective and non-selective autophagy. The results from these experiments were supported by 

similar outcomes in patient fibroblasts confirming the applicability of this system as a reliable tool 

for characterizing other gene mutations as well. Although these experiments need additional 

optimization to generate more conclusive data, other functional assays would provide more 

compelling data for the characterization of the C1 variant and other variants in the future.  

 

Indeed, I attempted looking into two other aspects of the humanized strains with C1 and C1 

(c.64_72del). First was the incorporation of human proteins into the yeast TRAPP complexes 
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which would be a measure of the stability of the complexes after the replacement. For this, I 

performed size exclusion chromatography (SEC). With C1 as a core protein, my expectations 

were to detect all the fractionated TRAPP complexes in the wild-type C1 humanized strain, while 

for the C1 (c.64_72del) humanized strain, shifts in growth conditions from permissive to restrictive 

temperatures might indicate changes in stability for the three TRAPP complexes, reflected as 

shifting or absence of TRAPP peak fractions. The results from these experiments were not 

conclusive and I could not show the presence of all TRAPP complexes in the wild-type C1 

humanized strain or detect any changes in the C1 (c.64_72del) humanized strain. Next, since 

TRAPP complexes are tethers involved in membrane trafficking, I assessed trafficking in the 

humanized strains with C1 and C1 (c.64_72del). For this, I performed a general secretion assay 

and immunoprecipitation of carboxypeptidase Y (CPY), a vacuolar protein that traverses the 

secretory pathway. These functional assays involve the radiolabeling of yeast cells with [35S]-

methionine followed by a chase with non-labeled methionine. While in the general secretion assay 

I looked at the full tableau of the secretion process, the immunoprecipitation of CPY enabled the 

detection of only this protein. To date, the generated data from the general secretion assay were 

inconsistent and I could not draw definite conclusions for either the C1 or the C1 (c.64_72del) 

humanized strains while for the CPY assay, I managed to detect the processing of this protein in 

both humanized strains at 30°C. This work is still in progress, and I am working on optimizing 

conditions and normalizing the levels of CPY detected in all of the samples. Next, I will need to 

perform this experiment at a restrictive temperature (37°C) to observe any differences between 

the wild-type C1 and C1 (c.64_72del) humanized strains. 

 

Since the TRAPPC1 mutation in this study is a compound heterozygous mutation, another 

direction would be to test this mutation in diploid yeasts with one allele as the maternal copy and 

the other allele as the paternal copy. Such a system might better reflect the human situation and 

may allow me to tease out additional phenotypes not seen by either single variant alone. 
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In conclusion, this study together with many others before, highlights the crucial importance of 

using yeast as a model organism for exploring human genetics and disease in a simplified 

background. The engineered strains in this study will be further used as effective platforms to 

characterize other disease-causing mutations. Therefore, I conclude that the humanization of 

TRAPP in yeast will be a useful model system to study mutations, particularly when human cells 

are not available.  
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