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ABSTRACT 

The Golgi apparatus is a major hub for post-translational modifications and 

for protein sorting. Accordingly, the preservation of Golgi structure and 

functionalities are everlasting tasks. It is ensured by mechanisms involving 

the control of luminal chemical composition and of lipid bilayer thickness, 

and is supported by structural and transport machineries at the cytosolic 

side of Golgi cisternae. Failings of those mechanisms usually lead to various 
cellular troubles, including glycosylation defects. 

In 2012, some congenital disorders of glycosylation were related to 

mutations of TMEM165 protein in human. As this protein was not 

characterized at that time, we started in our laboratory the study of Gdt1p, 

the Saccharomyces cerevisiae ortholog of TMEM165. It was demonstrated 

that Gdt1p is a Golgi-localized transmembrane protein able to transport Ca2+ 

and Mn2+ cations. Furthermore, GDT1 deletion is also characterized by Golgi 

trafficking defects and glycosylation troubles. The predicted topology of the 
protein matches with the usual topology of exchangers. 

In this study, we investigated two elements of Gdt1p physiological function, 

its transport mechanism and its regulation. Starting from the assumption 

that Gdt1p could exchange H+ ions against Ca2+ and Mn2+ cations across the 

Golgi membrane, we developed measurement strategies to assess it. A 

heterologous expression system using Lactococcus lactis was set up for direct 

H+ transport assay and a Golgi-localized pH sensor was developed for in vivo 

measurements in S. cerevisiae. Thanks to them, Gdt1p-mediated H+ transport 

activity was demonstrated. Then, we looked at Gdt1p regulation. We 

observed that Gdt1p is rapidly downregulated as a response to extracellular 

Mn2+ addition and that regulation occurs both at transcriptional and post-
translational levels. The fast and efficient retrieval of Gdt1p from the Golgi 

membrane to be sorted to the vacuole probably occurs trough a novel 
degradation pathway. 
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FOREWORD 
 

The general aim of our research is to decipher the physiological role(s) of a 

poorly characterized protein family named UPF0016 (Unknown Protein 
Family 0016), recently renamed GDT1 family in protein databases. The 

interest of studying this protein family first pops up when the human 

ortholog of the family, TMEM165, was identified as the genetic cause of a rare 
inherited disease (1). GDT1 orthologs are found in all kingdoms of life and 

have been relatively well conserved throughout evolution if we consider 

their predicted topology and the signature sequence of the protein (2). In our 

lab, the commonly used working model is the yeast Saccharomyces cerevisiae. 

Even though yeast and mammals can appear very different, their 

intracellular organization is strikingly similar. Therefore, for clarity and 

concision of the manuscript, I focused the literature review mainly on yeast 
physiology. When appropriate, comparison with human physiology will be 

made.
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SETTING UP THE CONTEXT
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« No cellular organelle has been the subject of as many, as 
long-lasting, or as diverse polemics as the Golgi apparatus. » 

William Gordon Whaley 

 

CHAPTER 1 

FUNCTIONS AND HOMEOSTASIS OF 

THE GOLGI APPARATUS 

 

1. The Golgi apparatus, a hub of the cell 

a. Eukaryotic cells possess a complex endomembrane system 

Eukaryotic cells are characterized by an intracellular organization into 

several subcellular compartments (Figure 1). Those compartments, called 

organelles, are dedicated to different cellular functions. The spatial 

segregation of different biological roles within those organelles is a great 

opportunity, since the diversification of physical properties and of chemical 
composition allows the acquisition of novel and more specialized biological 

functions. Additionally, such a segregation is a good way for cells to increase 

their fitness by taking advantage of organellar characteristics to optimize 
metabolic processes. 

By the end of the 19th century, Camillo Golgi, an Italian medical doctor, 

described a particular arrangement of internal reticulated membranes 

having a croissant shape, close to the nucleus and the centrosome, and that 

were strongly stained by iron nitrate (3). A few years later, this particular 

arrangement was renamed “Golgi apparatus”. We will simply denominate it 

as “Golgi” in this manuscript. For a long time, a controversy about the real 

existence of this cellular compartment has been ongoing, as some 

microscopists were thinking that this observation was the result of a staining 

artifact. It is only in the 1950s, when electron microscopy emerged, that the 

real existence of the Golgi was definitely confirmed. Here, we should also 
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stress that in Saccharomyces cerevisiae, the Golgi does not have the 

appearance of a croissant shaped membrane stacking but rather appears as 

individual vesicles spread across the cytosol (4). 

In cells, the Golgi does not stand totally isolated but is part of a large 

endomembrane system encompassing different organelles. When looking 
from the inside to the periphery of the cell, the endomembrane system starts 

with the nuclear envelope, encloses endoplasmic reticulum, Golgi, trans-

Golgi network (TGN), exo- and endocytic pathways, multi-vesicular bodies 

(MVB), vacuoles (or lysosomes in human) and finishes to the plasma 

membrane. In S. cerevisiae, recent work suggests that early endosomes (EE) 

do not exist on their own but rather are one with the TGN (5, 6). This 

endomembrane system is strongly interconnected by the continuous flow of 

vesicles that emerge from, and end up in, the different compartments (Figure 

1). Vesicular fluxes are coordinated by a vast tubular network and numerous 

organellar contact sites also take part in the interconnexion of the 
endomembrane system. 

b. The Golgi stands in a central position of the secretory pathway 

The secretory pathway can be considered as a “functional unit” of the 

endomembrane system. It plays major roles for the production, the 

trafficking, the secretion, the recycling and the degradation of most secreted 

proteins and proteins exposed to the extracellular environment. In addition, 

proteins that are retained in the membranes or in the lumen of the 

endomembrane system are also produced and processed by the same 
machinery. Together, about one third of all proteins are synthesized, 

matured and conveyed by the secretory pathway (7, 8). Even though there 

are some specificities according to the organism, the global organization of 
the endomembrane system is relatively well conserved in all eukaryotes. The 

protein production starts at the rough endoplasmic reticulum, where 

ribosomes translate the genetic instructions. Synchronously to their 

synthesis, proteins are translocated into the lumen – or integrated into the 

membrane for membrane proteins – of this organelle by the so called 

translocon. Then, most of these synthesized proteins transit through the 

Golgi before reaching their final destination, mostly the plasma membrane, 
the extracellular space, or the vacuole/lysosome. Certain proteins are also 

retained in the endoplasmic reticulum, or specifically addressed to the 

nuclear envelope, to the Golgi, or to the endosomes. 
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Figure 1. Endomembrane system of the budding yeast cell. 
The different organelles are strongly interconnected by a continuous flow of vesicles. In 

the early secretory pathway, the path is more or less linear from the ER to the TGN via the 

Golgi stacks/compartments (even though fluxes occur in both directions). COPII and COPI 

coated vesicles traffic in the anterograde or retrograde direction, respectively. Then, 

exocytic vesicles follow the secretory pathway (SEC) while vacuolar proteins enter the 

vacuolar protein sorting pathway (VPS). Eventually, some plasma membrane proteins 

and extracellular compounds are internalized through endocytosis (END). After being 

internalized, some cargoes are recycled (RCY) back to the TGN to avoid degradation, and 

others are sent to the vacuole via the multi-vesicular bodies (MVB). This degradation 

route possibly involves a passage via the TGN/EE before cargoes reach the MVB (5, 9). At 

the MVB membrane, ESCRT complexes perform internalization of vesicles into the MVB 

lumen. The clathrin coat proteins act at several places to shape vesicles of the exocytic 

and endocytic networks. Figure inspired from (10). Note that the Golgi is here, and in 

following figures, represented as a membrane stack to simplify the identification of this 

organelle in schemes, even though it does not have this morphology in budding yeast.  

c. Processing activity and shunting station are the two main 
functions of the Golgi 

During their trafficking across the Golgi, many proteins are post-

translationally modified as a result of the action of a set of Golgi-resident 

proteins. Those modifications are essential for proteins to get their final 

structure and therefore to meet their function, or to protect them from 

subsequent degradation. Those modifications can consist of the processing 

of the amino acid sequence itself, thanks to the activity of endopeptidases, 
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for example to cleave the signal peptide or to remove the auto-inhibitory 

region of proteases once they have reached their final location (11, 12), or it 

can occur via the addition of a set of chemical adducts, such as lipids or 
sugars. Some of those post-translational modifications permanently stay on 

the proteins after being added, while others are transient and serve as 

regulators or signaling during the protein life-span. Secretory and vacuolar 

proteins encounter several checkpoints during their journey through the 

secretory pathway and it is only if correctly folded and with all required 

attributes that they should be routed to their final destination (13). 

In order to continuously organize the protein composition of the Golgi, an 

intense trafficking activity is required. This has two concomitant functions, 

to keep Golgi-resident enzymes and the appropriate lipids at the right 

position of the Golgi and, simultaneously, to transport secretory and vacuolar 

proteins forward in the secretory pathway. Historically, two models were 

proposed for the organization of the Golgi complex. A vesicular transport 

model where each compartment or each stack is “stable” and distinct from 

others, with resident enzymes, and in which cargo proteins and lipids are 

brought from upstream compartments and then actively removed to be sent 
to downstream compartments. And a maturation model where cargo 

proteins and lipids stay in the “same” compartment that step by step acquires 

the biochemical characteristics of downstream compartments thanks to the 

retrograde transport that brings processing enzymes from more mature 

compartments (14, 15). This is made possible by the continuous creation of 

new cis-Golgi cisternae that arise from the merge of vesicles coming from the 

ER. Despite the fact that, on some aspects, it is difficult to reconciliate the two 

models (16, 17), the maturation model has been supported by direct 
observations in yeast (4, 18) and is nowadays widely accepted (19, 20). 

The anterograde and retrograde trafficking tasks are ensured by a large 

number of cytosolic proteins that act from the cytosolic side of the early 

secretory pathway. COPII coated vesicles mediate anterograde transport 

from the ER to the cis-Golgi, while COPI coated vesicles take over retrograde 

transport from the Golgi to the ER as well as the retrograde transport in 

between Golgi cisternae (Figure 1). Those coat complexes are then assisted 

by tethering factors and SNAREs for the tethering and the fusion of those 

vesicles at their target site (21-23). Eventually, proteins that should be sent 

forward, to the exocytic or endocytic networks, are sorted in the TGN. The 

sorting mechanisms are diversified according to the destination and the fate 

of the cargo. The most common Golgi to vacuole trafficking pathways are 

presented in Box 1. The specific question of the degradation routes of Golgi-

resident proteins will be more deeply discussed latter on in this manuscript, 
when Gdt1p degradation will be assessed (Part III, Chapter 3). 
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BOX 1: Main Golgi to vacuole trafficking routes. 

In the trans-Golgi and the TGN, secretory and vacuolar proteins are sorted by 
various mechanisms, as reviewed in Lujan et al. (13). Sorting can result from 
inherent physicochemical properties of the proteins and of the surrounding 
lipid bilayer, leading to TMD length-based partitioning, to protein aggregation 
mechanisms, or to partitioning based on membrane lipid composition. 
Alternatively, dedicated cytosolic proteins are involved in the recognition and 
the sorting of membrane proteins at the late Golgi. Finally, receptor mediated 
sorting is required for soluble luminal proteins. Once sorted, proteins are 
engaged in appropriate trafficking pathways. 

 

 

Figure 2. Golgi exit routes usually involve clathrin coat, clathrin adaptors 
and GTPases activity. 
The main trafficking pathways conveying vacuolar proteins from the Golgi to the 
vacuole are depicted. Proteins can either traffic directly from the TGN to the 
vacuole via the ALP pathway, or have an intermediate step in the MVB. More 
details are found in the main text. Figure inspired from (10) and (13). 

Basically, there are two main trafficking routes from the Golgi to the vacuole. 
In yeast, many vacuolar proteases are following the canonical vacuolar 
protein sorting (VPS) / carboxypeptidase Y (CPY) pathway (24, 25). This 
pathway involves the formation of clathrin coat vesicles, which is assisted by 
the AP-1 adaptor complex that recognizes target proteins. Once proteins are 
sorted at the TGN and incorporated in appropriate vesicles, they are sent 
towards the MVB where AP-1 and clathrin depolymerize. CPY, that is a soluble 
protease, necessitates the Vps10 receptor to be recognized and appropriately 
sorted in this pathway (26). Vacuolar membrane proteins, like the 
carboxypeptidase S (CPS), does not necessitate such receptor to follow the 
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CPY pathway. Besides, a second important Golgi to vacuole trafficking route 
has been characterized. Named alternate pathway / alkaline phosphatase 
(ALP) pathway, it also necessitates clathrin coat and is coordinated by the AP-
3 adaptor complex (27, 28). If CPY pathway or ALP pathway is deficient, 
vacuolar proteins can sometimes take advantage of the remaining Golgi to 
vacuole trafficking route to reach their destination (29, 30). Especially, the 
possible interconnexions in between the different trafficking routes are not 
fully disentangled. 

In support to those trafficking pathways, a set of adaptors and GTPases are 
also important for the sorting of proteins in the late Golgi and for their 
incorporation in clathrin-coated vesicles. Gga1p and Gga2p are Golgi-
localized clathrin adaptors able to recognize ubiquitylated substrates (31-33). 
Syntaxins/t-SNAREs are also involved in the trafficking routes by triggering the 
fusion of vesicles to their target site. Hence, Tlg1p and Tlg2p are localized in 
late Golgi compartments and early endosomes, while Pep12p is located in late 
endosomes and MVB and involved in the CPY pathway (34). More recently, 
the role of the TGN as a recycling compartment was also further studied (5). 
Ubiquitin signaling mediated by several ubiquitin ligases and adaptor proteins 
is often involved in such recycling processes. (9, 35, 36). 

 

 

 

2. Characteristics and determinants of Golgi luminal 

content and membrane composition  

Now, we know that the Golgi is a hub for most of the secreted and organellar 

proteins. There, a big flow of all those proteins continuously run through and, 

at the same time, extremely well-ordered sequential modifications have to 

be completed. To maintain the organization of such a crowded organelle is a 

challenge for all eukaryotic cells. Hence, various biomolecular mechanisms 

satisfy the organization requirements necessary to keep efficient and 
accurate this transformation factory. Among the means used by eukaryotic 

cells, pH control and gradual acidification is a hallmark and a guide for Golgi 

organization. Lipid bilayer thickness and its fitting with transmembrane 

spans of proteins is probably another tool that cells are using to keep their 

Golgi well organized, in combination with the specific lipidic composition of 
its membrane (Figure 3). 



11 
 

a. Gradual acidification is a hallmark of the secretory pathway 

The predominant biochemical characteristic of the secretory pathway is its 

step by step acidification (Figure 3). While the endoplasmic reticulum has an 

internal pH almost neutral and close to the cytosolic pH, exocytic vesicles and 

vacuoles are strongly acidic. In yeast, pH values of 7.3 in the cytosol (37), 7.1 
for ER lumen (38), mildly acidic in TGN/prevacuolar compartments (39), and 

5.6-6.2 for the vacuole (37, 40, 41) were previously reported (Figure 6). 

While the endomembrane system is a moving system, with lots of vesicles 

that are constantly budding or fusing at the different stages of the secretory 

pathway, this gradual acidification is essential to make the different 

compartments functionally specific compared to up- and downstream 

organelles.  

 

 

 

Figure 3. Organelles of the endomembrane system exhibit differences of membrane 
composition and internal pH values. 
The internal pH becomes more and more acidic alongside the secretory pathway, with the 

pH of the ER that is close to 7.0, and exocytic vesicles with a pH <5.5. Regarding endocytic 

vesicles, they initially exhibit the pH of the extracellular medium, but then acidification 

also occurs, in early endosomes, MVB and vacuole to reach a value close to 5.0. In parallel, 

membrane thickness increases from the ER to the plasma membrane, according to the 

gradual ergosterol and sphingolipid enrichment. Finally, phosphoinositides (PIP) are also 

enriched specifically at one or another location. Altogether, those parameters drive 

membrane protein localization and control enzymatic activity in the lumen of organelles. 
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i. An acidic luminal pH supports Golgi functions 

Acidic pH within organelles has a key role to assure the biological functions 

they have to encounter. In the lumen of the Golgi, a slightly acidic pH is a 

prerequisite to properly perform post-translational modifications, as many 

glycosylation enzymes have an optimal pH for activity. It also plays roles in 
protein sorting and for the maintenance of the Golgi structure. Upstream and 

downstream in the secretory pathway, specific pH values are crucial to 

sustain many functions, such as retrieval of luminal HDEL tagged proteins by 

the Erd2p receptor (42, 43), formation of glycosylation enzymes homomers 

and heteromers in the ER and the Golgi (44, 45), sorting of lysosomal 

mannose-6-phosphate containing acid hydrolases in higher eukaryotes (46), 

zymogen activation and proteolytic activity in the vacuole (47), dissociation 

of ligands from receptors after endocytosis (48), storage of Ca2+ and other 

compounds in the vacuole (49), or for global maintenance of intracellular pH 

(50, 51). Given the continuous flow of vesicles of different pH alongside the 
Golgi, a robust operating system is mandatory to control Golgi pH. 

ii.  The master regulator of secretory pathway acidification is the 
V-ATPase  

The most important player devoted to secretory pathway acidification is the 

vacuolar H+-ATPase (V-ATPase). This proton pump is evolutionary and 

structurally related to the family of F1F0 ATP synthases (52), but its role is 
diametrically opposite. Under physiological conditions, its function is not to 

synthetize ATP by using a proton gradient, but rather to generate such a 

gradient by consuming ATP. Despite its name might suggest that V-ATPases 
are specifically vacuolar proteins, they are also the main proton pump 

localized all along the secretory pathway. The V-ATPase is a large complex 

composed of 14 subunits that are organized in two specific domains. The V0 

domain contains 6 subunits and is membrane embedded. This domain 

performs proton translocation across phospholipidic membranes. The V1 

domain, composed of 8 subunits, is a soluble complex travelling from the 

cytosol to the membrane in order to form a fully assembled V-ATPase 

complex with proton pumping activity. When bound to V0, V1 domain 

operates ATP hydrolysis and transfers the energy thus generated to the 

integral membrane V0 domain through a rotational motion (Figure 4). 

The activity of the V-ATPase is regulated via the reversible assembly or 

disassembly of V1 with V0 domain. Especially, glucose deprivation leads to 
70% V-ATPase dissociation within 5 minutes. On the contrary, restoration of 

glucose availability induces fast reassembly of full V-ATPase complexes (53). 

This process, extensively studied in Saccharomyces cerevisiae, has also been 
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observed in higher eukaryotes (54). The dissociation upon glucose 

deprivation is thought to be important to save ATP. V-ATPase localization 

specifies its behavior regarding glucose-dependent association/dissociation, 
as vacuolar complexes are more prone to dissociation than V-ATPase 

complexes at other locations of the secretory pathway (55, 56). It suggests 

that Golgi and prevacuolar compartments need continuously operable or 

activable V-ATPase complexes, whatever the extracellular glucose 

abundance. The constant presence of such a proton pump could be essential 

to maintain the correct organization of the secretory pathway by preserving 
a proper pH gradient. 

 

 

Figure 4. V-ATPase structure and H+ translocation mechanism. 
The V-ATPase is composed of fourteen subunits, organized in two distinct domains, a 

membrane embedded V0 domain and a peripheral soluble V1 domain. The V1 domain 

performs ATP hydrolysis and transfers energy with a circular motion to the V0 that 

translocates H+ across the membrane. The subunit a connects the two domains and catch 

H+ at the cytosolic side of the membrane to transfer it to a glutamate of the subunit c. After 

the movement has completed a full rotation, H+ is transferred in a second hemi-channel 

of the subunit a and is finally released at the luminal side of the membrane. In S. cerevisiae, 

the subunit a is the only that exists in two different isoforms, Vph1p and Stv1p. Adapted 

from (57). 
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BOX 2. V-ATPase subunit a isoforms for fine-tuned regulation. 

In Saccharomyces cerevisiae, all V-ATPase subunits exist in a single isoform, 
except for the subunit a of the V0 domain, which has two isoforms, VPH1 
(Vacuolar pH) and STV1 (Similar To VPH1). This subunit drives H+ ions via a 
hemi-channel from the cytosolic side of the membrane to a glutamate buried 
in the core proteolipid ring of the V0 transmembrane domain and then 
transfers them to the luminal side via a second hemi-channel (58, 59) (Figure 

4). In addition, subunit a also targets V-ATPases to the appropriate place in 
the cell. The Vph1p isoform goes to vacuolar membrane (60), while Stv1p 
isoform locates at Golgi and endosomal membranes (61). It is also to be noted 
that Stv1p-containing complexes are 10 to 20 times less abundant than 
Vph1p-containing complexes (61) and that Stv1p-containing complexes 
hydrolyze ATP less efficiently than Vph1p ones (55). While the proton transfer 
is mediated by the carboxy terminal transmembrane part of the protein, the 
targeting information is contained in its amino terminal cytosolic domain (62). 
When overexpressed, STV1 complements the absence of VPH1 and Stv1p is 
then also detected at the vacuolar membrane (61).  

In human cells, several isoforms stand for 6 out of the 14 subunits and are 
sometimes expressed in specific tissues (renal, neural, endothelial, 
osteoclasts, testis, lung, epididymis, or ubiquitous). Although the roles of the 
different human isoforms are not completely understood, it probably 
contributes to specialize the  properties of the V-ATPase to those different 
tissues (57). For subunit a, the a3 and a4 isoforms peculiarly target the V-
ATPase to the plasma membrane of osteoclasts or to the apical membrane of 
renal intercalated cells and epididymal clear cells, respectively (63-65). 

 

How the gradual acidification is controlled by a unique pump remains 

enigmatic. One hypothesis is that the gradual increase of H+-ATPases 

abundance alongside the secretory pathway generates such a gradual 
acidification. Pump abundance may be controlled by its “retention time” that 

could differ from one place of the secretory pathway to another. 

Alternatively, or complementary, the V-ATPase activity could be regulated 

alongside the secretory pathway.  Eventually, other proton transporters 

could also play a role in the regulation of the secretory pathway acidification. 

However, it is worth noting that V-ATPases are essential in higher 

eukaryotes. In yeast, V-ATPase is dispensable if cells are grown in media with 

low extracellular pH (< 5.5), presumably because luminal acidification could 

occur via the internalization of some extracellular medium. Accordingly, 

endocytosis becomes essential in strains deleted for the V-ATPase (66, 67). 
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iii. Counterions conductivity and proton leak channel balance 

Golgi pH 

When pumping protons from the cytosol to the Golgi lumen, the V-ATPase 

creates a positive inside membrane potential (50, 68). In order to sustain 

proton pumping activity, cells have to mitigate the amplitude of this 
membrane potential. This presumably occurs through the transport of other 

ions, either via the intake of Cl- anions or via the efflux of K+ cations (50). The 

Golgi pH Regulator (GPHR) anion channel takes over Cl- transit at the Golgi 

in animal cells (69) and the chloride/proton exchanger Gef1p could sustain 

similar function in medial-Golgi, trans-Golgi and pre-vacuolar compartments 

in yeast cells (70-72). Regarding alkali cations transport, several 

hypothetical transporters could ensure this function, such as Nhx1p, an 

endosomal Na+-K+/H+ exchanger related to human Na+/H+ exchanger (NHE) 

family (73). Kha1p is another candidate for K+/H+ exchange in the Golgi 

(Figure 6) (74, 75). Several of those studies highlighted that counterion 

transport is required to achieve the luminal acidic pH in organelles by 

enabling V-ATPase H+ transport without limitation, but that this counterion 

conductivity does not directly control the luminal pH as the addition of 
different K+ or Cl- ionophores does not permit a more pronounced 

acidification of the Golgi lumen. 

Therefore, another mechanism that controls the pH value in lumen of 

organelles is its inherent H+ permeability. A predicted but still unidentified 

"proton leak channel" is probably assuming this task. Especially, it appears 

that proton permeability decreases from early to late secretory pathway (76) 
indicating that the proton leak parameters could determine the resting 

luminal pH alongside the secretory pathway (Figure 5). Among the 

candidates for such a proton leak, NHE family members could maybe fulfill 

this function even though its mode of action remains elusive (51). Besides, 

the human SLC4A2 hydrogen carbonate/chloride exchanger has been 

recently described as controlling the resting Golgi pH, which is inversely 

correlated to its expression level (77). The imported HCO3- would react with 

H+ to form carbonic acid that can then dissociate into CO2 and H2O and exit 

the Golgi under those chemical forms. The S. cerevisiae homolog of SLC4A2, 

named BOR1, is a putative plasma membrane boron exporter (78), but its 

transport activity has not been directly demonstrated to date. Hence, Bor1p-

mediated HCO3
- transport could be assessed, as it is also an interesting 

candidate for such proton leak function. 

Generally speaking, the proton leak pathway and the V-ATPase proton pump 

have to work properly in order to generate the desired acidity alongside the 

secretory pathway, but at the same time, they should be constrained when it 
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is relevant to avoid futile cycles of H+ influx and efflux across the Golgi 

membrane. 

 

 

 

Figure 5. The pH of the secretory pathway results from an equilibrium of H+ loading 
and H+ leak. 
A. Model of proton pumping and proton leakage established from the known pH values 

and pH leakages alongside the secretory pathway. There is a gradual increase in the 

density of active H+ pump and a gradual decrease of H+ leakage due to inherent lipid 

membrane properties and/or to the presence of dedicated proton leak channels. 

B. Determination of the rate of proton leakage from various compartments, when proton 

loading is inhibited by bafilomycin. The lumen of each individual compartment was 

artificially acidified to pH 6.0 prior to measurement. Figure adapted from (50). 
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b. A set of pumps and exchangers control the luminal Golgi chemical 

composition  

Beside pH homeostasis, the luminal concentration of other chemicals has to 

be carefully kept up by the cell. Of course, substrates that are consumed by 

metabolic reactions in the Golgi have to be loaded into it. Notably, a set of 
solute carriers from the SLC35 family imports activated sugars, usually 

mono- or diphosphate-nucleotide sugars, into the Golgi lumen in exchange 

for the corresponding monophosphate-nucleotide devoid of monosac-

charide (79). Inorganic phosphate, that is produced during the elongation of 

polysaccharides, is a “waste” of Golgi metabolism and is recycled back to the 

cytosol through Erd1p (80). 

Next to its post-translational functions, the secretory pathway has also a 

detoxification role. Actually, some compounds are transferred from the 

cytosol to the Golgi lumen and will finally end up in the extracellular medium 

or in the vacuole by passively following the flux of material and vesicles in 

the anterograde direction. For example, Ca2+, Mn2+, and even Cd2+ cations are 

presumably extruded out of the cell thanks to Pmr1p protein (81, 82). In 
addition to the detoxification purpose, Ca2+ and Mn2+ Golgi loading via Pmr1p 

is also essential to sustain glycosylation and sorting activities of the Golgi (83, 

84). Indirectly, other transporters located upstream or downstream in the 

secretory pathway are also expected to act on Golgi Mn2+ and Ca2+ content 

via the vesicular trafficking. Among those, Spf1p (also denominated as 

Cod1p) is thought to pump Ca2+ and possibly Mn2+ towards the ER lumen 

(85-87), while Atx2p and Smf2p are presumably extruding Mn2+ out of some 
late Golgi or post-Golgi compartments (Figure 6) (88, 89). 

Lately, Gdt1p was also shown to be involved in Ca2+ and Mn2+ detoxification, 
in complement to Pmr1p (90-92). The exact role of Gdt1p and its transport 

mechanism are not fully understood yet. It will be thoroughly discussed later 

on in this manuscript. 

Finally, the concentrations of other cations, like K+, Na+, Zn2+, Mg2+, Fe2+ or 

Cu+, are also controlled in the secretory pathway by a set of transporters, as 

reviewed by Cyert and Philpott (93).   

 

c. Membrane composition and role of phosphoinositides 

Lipid bilayers are defining the borders of cellular compartments, in between 

cytosol and extracellular space, and in between organelle lumen and cytosol. 

Even though they are basically constituted of the same compounds – i.e. 

glycerophospholipids, sphingolipids and ergosterol (or cholesterol in animal 
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cells) –, their relative amounts vary and are specific for each membrane. The 

peculiarities of each membrane are important to specialize them, in 

particular to guide the subcellular localization of transmembrane and 
anchored proteins. 

 

 

Figure 6. Golgi ion homeostasis is controlled by a set of dedicated transporters. 
Several membrane proteins import different ions to the secretory pathway lumen. 

Transport is energized by ATP hydrolysis for ATPases or by the concentration gradient of 

another chemical for exchangers. Additionally, some membrane proteins passively allow 

chemicals to travel from the more to the less concentrated side of the membrane. The 

well-established transport activities are represented with solid lines, the still elusive 

transports are represented with dashed lines. As a result, the concentrations of H+, Ca2+ 

and Mn2+ are higher in the Golgi lumen than in the cytosol and there is a positive luminal 

membrane potential. The pH and the [Ca2+] in the different compartments are indicated. 

More details about the nature of the different transporters is given in the main text. Note 

that carriers from the SLC35 family are not indicated on the scheme, but they could also 

participate in pH regulation. 

 

Among the characteristics of lipid bilayers, membrane thickness is a 

parameter that is adjusted from one membrane to another. The length of acyl 

chains, their saturation level, the nature of head groups and the relative 

amount of ergosterol dictate membrane thickness. Therefore, sphingolipid – 

that, in yeast, are usually constituted of particularly long acyl chains – and 

ergosterol enrichment in the plasma membrane, compared to the early 

secretory pathway membranes, increases membrane thickness  (Figure 3) 
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(94). Such ergosterol enrichment presumably also intensifies lateral 

compaction of acyl chains, reducing acyl chain mobility, which participates 

in membrane thickening and increases impermeability of the plasma 
membrane (95). Particularly, unlike synthesis of other major membrane 

lipids – sterols and glycerophospholipids – that mainly occurs in the ER, 

sphingolipid synthesis starts in the ER by the production of ceramide and 

continues in the Golgi by the addition of the sugar head group (96). In yeast, 

this later step is partly performed by the Golgi-localized inositol 

phosphorylceramide synthase Aur1p (97, 98). The trans-Golgi is a sorting 

place for lipids, possibly via an exclusion mechanism from the highly curved 

COPI vesicles mediating Golgi retrograde transport, making it a place of steep 

transition in membrane thickness (95). Membrane thickness is driving 

membrane proteins shipment, as hydrophobic mismatch of proteins with too 
long transmembrane domains (TMD) in the ER membrane provokes their 

clustering and their probable exit out of the ER (99, 100). Consequently, the 

length of transmembrane domains contains in average 5 more amino acids 

for plasma membrane localized proteins than for early secretory pathway 

retained proteins (101-103). Considering Golgi resident membrane proteins, 

it was shown that an appropriate transmembrane length is required to retain 

the sialyl-transferase in Golgi membranes, while the shortening of TMD of 

plasma membrane proteins delocalize them to the Golgi apparatus (104). 

TMD length is then one of the sorting signals and is supported by other 

segregation mechanisms, such as interactions with specific receptors or 
clustering and oligomerization with other membrane proteins. 

Phosphoinositides – or phosphatidylinositol phosphate (PIP) lipids – are 

specific phospholipids, mainly present in the cytosolic leaflet of membranes, 

that serve as membrane anchored signals. They derive from the 

phosphatidylinositol, a glycerophospholipid containing a myo-inositol group 

– a carboxylic sugar that is synthesized from glucose 6-phosphate – at its 
polar extremity. Phosphatidylinositol can be differentially and reversibly 

phosphorylated by several kinases and phosphatases on the hydroxyl groups 

in position 3, 4 and 5 of the myo-inositol function, giving rise to PI(4)P, 

PI(3,5)P2, PI(4,5)P2, etc. (105). At the plasma membrane, PI(4,5)P2 can be 

hydrolyzed by a phospholipase, generating diacylglycerol and IP3, a soluble 

secondary messenger. In the secretory pathway, PIPs play essential roles for 

vesicle trafficking and for Golgi functions (106). Vps34, a 

phosphatidylinositol 3-kinase, is required for protein transport from the 

Golgi to the vacuole (107, 108), while Pik1, a phosphatidylinositol 4-kinase, 

is involved in the generation of exocytic vesicles from the trans-Golgi (109, 
110). Globally, PI(4)P is enriched at the Golgi and in secretory vesicles, PI(3)P 

in early endosomes and in MVB, and PI(3,5)P2 at the vacuolar membrane  

(Figure 3) (105). 
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3. A story of egg or chicken: Is it chemical gradients or 

protein localization that orchestrates Golgi 
organization? 

The Golgi exhibits a complex organization and is constantly remodelled to 

maintain its functionality. From the cis- to the trans-Golgi, membrane 

thickness increases and membrane permeability diminishes, pH decreases, 

PIPs composition varies, and Ca2+ and Mn2+ concentrations are rising. Those 

parameters govern Golgi operations but, at the same time, they are 

themselves controlled by the activity of a set of Golgi resident enzymes. Now, 

the interesting point is that enzymes retention in the Golgi usually depends 

on the existence of the aforementioned gradients. This statement can even 
be extended to the organization of the endomembrane system as a whole. 

 
Luminal pH guides protein localization in the secretory pathway … 

At first, the luminal pH drives the localization of many proteins in the 
secretory pathway through different mechanisms. HDEL/KDEL tagged 

proteins are recycled from the Golgi to the ER by their dedicated receptor in 

a pH-dependent manner. The affinity of the receptor for the HDEL/KDEL 

target sequence is enhanced at lower pH, therefore binding it in the cis-Golgi 
lumen, and weakens at higher pH, therefore releasing the cargo once in the 

ER lumen (42, 43). Many type-II integral membrane proteins involved in the 

glycosylation process are also shipped at their appropriate localization in a 

pH-dependent manner (44, 45, 111, 112). Protein sorting in the TGN also 

depends on the pH, because V-ATPase deficiency or inhibition leads to 

mistargeting of plasma membrane and Golgi proteins to the vacuole, like the 

plasma membrane H+-ATPase Pma1p or the late Golgi Kex2p endoprotease 

(113) – the last one being also dependent on Ca2+ to ensure its activity (114) 

–, while it concomitantly affects the targeting of vacuolar proteins (115). 

 
… while V-ATPase activity is regulated by membrane composition … 

Secondly, the activity of the V-ATPase is itself regulated by the Golgi 

organization. For example, phospholipid flippases activity and ergosterol 

synthesis regulate V-ATPase activity (116). Next to this, the specific 

enrichment of some phosphoinositides (PIPs) drives V-ATPase localization 

and activity. Actually, subunit a isoforms localization depends on PIPs, since 

Stv1p N-terminal cytosolic tail interacts with PI(4)P (117) and that PI(3,5)P2 

activates V-ATPase assembly and activity by interacting with Vph1p (118, 
119). As a consequence, the pH gradient alongside the secretory pathway is 

dependent on PIPs regulation. Additionally, PIPs are also involved in 
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vesicular trafficking in the secretory pathway. For example, TRPML1 

endolysosomal Ca2+ channel in animal cells and the homologous Yvc1p 

vacuolar Ca2+ channel in yeast are both activated by PI(3,5)P2 (120). Ca2+ 
release acts on vesicular trafficking, presumably because it activates 

vesicular fission and fusion events mediated by the SNARE protein family 

(121, 122). It is likely that other transporters involved in Golgi pH and ionic 

concentration regulation are also regulated by PIPs and by membrane 

composition. 

 

… and that membrane composition depends on enzymatic activity 

Finally, membrane composition is also controlled by the presence of the 
appropriate metabolic enzymes in the Golgi apparatus and in surrounding 

organelles. For example, sphingolipid synthesis is finished by a Golgi resident 

enzyme, Aur1p, in correlation with a lengthening of transmembrane 

domains of Golgi resident proteins from the trans-Golgi compared to cis- and 

medial-Golgi resident proteins (97). Considering PI(4)P, that is enriched in 

the Golgi, its concentration is synchronously lowered in cis- and medial-Golgi 
through the action of the integral membrane phosphoinositide phosphatase 

Sac1p in a mechanism assisted with Vps74p, the yeast ortholog of human 

GOLPH3. This activity is crucial to maintain medial-Golgi resident proteins at 

their correct place (123). Next to it, PI(4)P is also sensitive to pH, at its 

cytosolic side, via the protonation or deprotonation of its head group. This 

chemical modification affects the binding of PI(4)P effector proteins and 

regulates cargo sorting (124). Remarkably, cytosolic pH is itself dependent 
on the activity of H+ pumps, mainly the plasma membrane localized Pma1p 

and the V-ATPase that is active at the Golgi membrane (41). 

 

Additional regulation mechanisms are also involved 

The Golgi organization is also supported by a set of proteins and complexes 
dedicated to this task, like t-SNAREs and v-SNAREs, Golgins, COGs, the TRAPP 

complex and others, reviewed in (13, 125-127). Of course, those proteins 

should also be localized at appropriate site to ensure their function (128, 

129). Moreover, it was shown that the cooperation and the interactions in 

between those different actors participate in Golgi organization (130). To 

date, the complete mechanisms driving Golgi organization are far from being 
well-understood and lots remain to be discovered about them (13, 23). 

Altogether, those observations raise the question of who is the real Golgi 

orchestra leader? Maybe there is not a single leading mechanism and one can 

speculate that it is the coordinated and balanced actions of the different 
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regulators of Golgi, i.e. lipid bilayer composition, membrane transporters 

localization and activity, and luminal and cytosolic ionic concentrations, that 

together maintain a functional Golgi organization. The appearance and the 
evolution of the endomembrane system is a beautiful example of cellular 

biology complexity and efficacy.
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CHAPTER 2 

GLYCOSYLATION OF PROTEINS LARGELY TAKES 

PLACE IN THE EARLY SECRETORY PATHWAY 

 

1. General aspects about glycosylation 

The addition and the elongation of oligosaccharides on proteins and lipids, a 

process called glycosylation, is the most substantial modification that takes 

place in the Golgi. Regarding protein glycosylation, saccharide polymers are 

most commonly added either on the hydroxyl group of the side-chains of 
serines and threonines, or on the nitrogen of the amide function of 

asparagine side-chains, and are referred to as O- and N-glycosylation, 

respectively. 

Protein glycosylation plays many different roles for living organisms, as 

reviewed in (131). It is a barcode for cells to recognize their “mates” from 
“strangers”, it serves cellular adhesion and migration, or it protects 

lysosomal/vacuolar-resident proteins from degradation. Glycosylation also 

serves as a benchmark to control protein trafficking alongside the secretory 

pathway (132). Finally, by exerting intra- and inter-molecular interactions, it 

affects the folding and the shape of proteins. Hence, glycosylation is usually 

necessary for glycoproteins to ensure their biological function. In 

eukaryotes, the glycosylation procedure has taken advantage of the 

intracellular compartmentalization. Therefore, it substantially differs in 
prokaryotes. 
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Figure 7. Overview of the N- and O-glycosylation processes. 
A. N-glycosylation is initiated at the ER by the production of a precursor, which is then 

transferred on the amide function of asparagines belonging to the N-X-S/T consensus 

sequence. After trimming of glucoses and of a few mannoses by dedicated hydrolases, the 

protein exits the ER and glycan elongation is pursued in the Golgi lumen. In yeast, high 

mannose structures are produced. In human, more complex glycan structures are often 

assembled. B. In S. cerevisiae, O-mannosylation is the only O-glycosylated form. It is 

initiated in the ER by the addition of the first mannose residue and then glycan elongation 

is pursued in the Golgi lumen. In human, mucine type O-glycosylation is the most common 

O-glycoform. It takes place only in the Golgi lumen and always consists of the initial 

addition of a GalNAc, followed by a diversity of monosaccharide adducts. It should be 

noted that high mannose N-glycosylation and O-mannosylation also take place in human 
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cells. The glycosylation process is performed in an optimal manner if luminal pH optimally 

sustains enzymatic activity, if Ca2+-dependent vesicular trafficking operates properly and 

if Mn2+ availability is sufficient to play its role as cofactor for a set of glycosyltransferases. 

Figure adapted from (133). 

 

a. N-linked glycosylation 

N-glycosylation is initiated by the production of lipid-linked oligosaccharides 

at the ER membrane by a set of ALG proteins (Asparagine-Linked 

Glycosylation). Then, the glycan precursor is transferred by the OST complex 

(Oligo-Saccharyl Transferase complex) to some asparagine residues 

belonging to the N-X-S/T consensus sequence in nascent proteins. The local 

structural conformation of the acceptor protein has to be sufficiently flexible 

to accept the transfer of the oligosaccharide precursor. Hence, its transfer is 

not favoured in secondary structures of proteins such as α helices or β sheets 

and the majority of N-glycosylation sites are found in loops (134). Next, the 

oligosaccharide is trimmed by several glucosidases and mannosidases. Once 
trimming completed, the protein exits the ER and reaches the Golgi where 

terminal glycosylation occurs by the addition of mannoses in S. cerevisiae, or 

by a variety of sugars in mammals (Figure 7A). 

 

b. O-linked glycosylation 

Regarding protein O-glycosylation, there is more substantial differences in 

between yeast and human. In S. cerevisiae, O-glycosylation starts in the ER by 
the addition of a first mannose residue mediated by PMT proteins (Protein 

O-Mannosyl Transferase). Elongation is then pursued in the Golgi lumen by 

the action of α-1,2- and α-1,3-mannosyl transferases (135) and the final 

product is usually a linear glycan of up to 5 mannose residues (136), although 

longer structures have been described. In human, O-mannosylation coexists 

with other O-glycosylation subtypes. The most common is the mucin type O-

glycosylation, which is initiated by the linkage of a N-acetylgalactosamine 
(GalNAc) on the target protein sequence. Mucin type O-glycosylation occurs 

specifically in the Golgi on fully folded proteins. Height different core 

structures emerge from the addition of galactose, mannose and/or N-

acetylglucosamine (GlcNAc) to the initial GalNAc, followed by further 

elongation with the addition of 1 to 10 additional monosaccharides, 

including fucoses, sialic acids or GlcNAc (Figure 7B) (137).  
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2. The glycosylation process is like a funambulist in the 

Golgi apparatus 

While the amino acid sequence of a protein is strictly defined, glycosylation 

structures are by nature heterogenous parts in glycoproteins. From one 

glycosylation site to another within a single protein, or for the corresponding 

glycosylation site into two identical proteins, glycosylation structures will 

differ from one site to another (136, 138, 139).  As an explanation, the local 

protein sequence was shown to influence the outcome of each glycosylation 

site (140). Indeed, according to the local folding, the glycan under synthesis 

will be more or less easily available to glycosylation enzymes. Next to local 

protein sequence, and even though the Golgi flux is strongly controlled, the 

transit speed of the growing glycosylation adducts through the Golgi 

apparatus influences the glycosylation outcome. In the secretory pathway, 

glycan synthesis is dynamic and exhibits a competitive process of different 

glycosylation enzymes for the same substrates. As a result, each 
glycosylation site of each protein is represented as a pool of different glycan 

assemblies, with usually one (or a few) major product, and a large set of 

minor products (138). The heterogeneity of glycosylation products does 

probably represent an evolutive advantage, because it allows cells to 
increase their glycoproteome diversity in an enormous way. 

Nevertheless, the conditions allowing glycosylation enzymes to fully work 

must be fulfilled in order to perform glycosylation as efficiently as possible. 

Especially, an optimal organization of the glycosylation enzymes alongside 

the different stacks of the Golgi is crucial. Accordingly, failures in Golgi 

organization and trafficking or pH dysregulations lead to glycosylation 
abnormalities (44, 141-143). 
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3. Disorders of glycosylation can be induced by various 

genetic causes 

a. CDGs are an expanding family of inherited diseases 

As the glycosylation of proteins has so many roles for cellular and organism 

maintenance and because it has been estimated that 20% to 50% of all 

proteins are modified by glycosylation (144-146), troubles in the procedure 

of glycosylation, when not lethal, will generally lead to various and often 

severe symptoms (147). Together, all genetic mutations causing 

glycosylation troubles are designated as Congenital Disorders of Glycosylation 

(CDGs). The first diagnosis of glycosylation disorder was established in 1980 

(148) but its underlying genetic cause was identified only in 1995 (149). 

Twenty years after the first CDG diagnosis, there were nine different known 

causes of CDGs (150) and, nowadays, 137 genes have been related to 

glycosylation disorders (151). This number is expected to continue to 
increase, since 2% of all expressed proteins in animals are involved, directly 

or indirectly, in the glycosylation process (144). Therefore, many different 

genetic mutations can cause glycosylation deficiencies. Next to enzymes 

directly involved in the addition of monosaccharides to the growing 

oligosaccharides, many other enzymes, involved in the production and the 

transport of the activated sugars or implicated in secretory pathway 

organization and homeostasis, are also frequent causes of glycosylation 

disorders. For examples, seven out of the eight human COG subunits 

(Conserved Oligomeric Golgi), involved in the intra-Golgi vesicular 

trafficking, or different mutations of the V-ATPase and their accessory 
proteins, have been identified as causing CDGs (151). 

b. Golgi ion homeostasis dysregulation impairs glycosylation 

Here, we will focus on ion homeostasis in view of our protein of interest – 

Gdt1p – that is presumably involved in cation transport across the Golgi 
membrane. As stated in the previous chapter, the intraluminal ionic content 

is involved in the maintenance of the Golgi organization and is devoted to 

ensure its functions. Consequently, and accordingly, the glycosylation 

process is also regulated by several ions in different ways (Figure 7). 

The Mn2+ cation serves as a cofactor for a set of glycosyltransferases of the 

“A folding group”, by orienting two catalytic aspartate and glutamate and by 
stabilizing the lipid-pyrophosphate leaving group (152, 153). As an example 

in human, binding of Mn2+ to the β-1,4-galactosyltransferase is necessary to 

produce efficient catalytic activity (154). Therefore, it is not surprising that 

Mn2+ homeostasis impairment in the Golgi causes glycosylation disorders. 

Accordingly, SLC39A8-CDG patients – that are deficient in cellular Mn2+ 
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intake at the plasma membrane – exhibit glycosylation troubles because of 

Mn2+ deprivation in the Golgi lumen (Park, 2015). A similar observation is 

drawn with the yeast PMR1 gene, because deletion of this Golgi Ca2+-Mn2+ 
ATPase triggers glycosylation defects that can be counteracted by the 

addition of extra Mn2+ (83, 84). 

The Ca2+ cation, while probably not a preferential cofactor of enzymes 

involved in glycosylation, plays multiple roles for Golgi organization. 

Especially, Ca2+ is known to be important for vesicles budding and fusion and 

is therefore essential to ensure secretory pathway functionality (155, 156). 

Particularly, Ca2+ is an inducer of SNAREs activity (157). Strikingly, Ca2+ 

supplementation is able to partially restore the glycosylation defects 

observed in the pmr1Δ strain (84, 158). It has been suggested that Ca2+ 

supplementation in yeast, by fastening the Golgi trafficking, helps to sustain 

the Golgi lumen with Mn2+ through retrograde – and possibly also 

anterograde – trafficking (89). Next to that, Ca2+ ions, as divalent cations, 

could maybe replace and/or compete with Mn2+ at its binding site in 

glycosyltransferases, therefore affecting glycosylation. 

Regarding pH, it was previously pointed out that it has a big influence on the 

Golgi organization. Especially, the gradual acidification of the secretory 

pathway is involved in the formation of homomers and heteromers of the 

glycosylation enzymes, both in yeast and in higher eukaryotes (159). The 

formation of such complexes, along with the “kin recognition” hypothesis 

(160), is probably important to ensure the correct targeting and retention of 

glycosyltransferases to the Golgi. Moreover, it is thought that the formation 
of those complexes regulates the activity of the glycosyltransferases. This 

may reflect substrate channeling through the complexes (159). Furthermore, 

it is well-known that enzymes have by hitherto an optimal pH for their 

activity, through the appropriate protonation or deprotonation of all acido-
basic chemical function of amino acid lateral chains. 

Therefore, perturbations of the Golgi pH often lead to glycosylation 

impairments or to other cellular dysregulations, such as cancers, 

degenerative disorders, and even to an increased sensitivity to some viral 

infections (161). Accordingly, mutations in several V-ATPase subunits have 
been identified as causing glycosylation impairments (162, 163), while 

alterations of NHE7 Na+/H+ antiporter or of Cl- transporters also promote the 

appearance of degenerative diseases, probably due to Golgi pH dysregulation 
(161). In yeast, Golgi pH alkalization arising in vma mutants similarly causes 

glycosylation defects (164). 
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c. Mutations of TMEM165 cause glycosylation disorders 

In 2012, some mutations in the TMEM165 human gene were identified as 

causing glycosylation disorders to five patients with CDG phenotype (1). 

TMEM165 belongs to the Uncharacterized Protein Family 0016 (UPF0016). 

UPF0016 members are found in all kingdoms of life and have been relatively 
well conserved during evolution, because most organisms, from yeast to 

human, but also plants and many bacteria and archaea, possess at least one 

gene belonging to UPF0016 (2). This conservation points out that the 

biological functions of UPF0016 are greatly beneficial to their host 

organisms, regardless the biological and ecological context in which they live. 

Recently, the UPF0016 family was renamed GDT1 family in protein databases 

in reference to the yeast UPF0016 ortholog, GDT1, which is the most 
characterized to date and the model member for the whole family. 

TMEM165-CDG patients display N-glycans hypo-sialylation and hypo-

galactosylation (1). In a sixth patient identified in 2015, it was also pointed 

out that the glycosylation defects are not constant during life, but rather 

varies during at least several weeks after birth (165). A deep analysis 
performed by mass spectrometry underlined that N-glycosylation 

galactosylation is strongly affected, N-acetylglucosaminylation is moderately 

impaired and sialylation is relatively slightly contrived in TMEM165 

depleted HeLa and HEK cells (166), while O-glycosylation displays 

undersialylation when looking at the serum of one TMEM165-CDG patient 

(167). In addition, the reduction of TMEM165 expression in zebrafish 

embryos also leads to N-glycosylation deficiencies, indicating a conserved 
role for TMEM165 members in animals (168). Eventually, oral galactose 

supplementation was tested as a treatment and it led to the partial 

restauration of N-glycosylation defects for some TMEM165-CDG patients 
(169). 

In 2012, when TMEM165 was linked to glycosylation functions, this protein 

was not at all characterized and the underlying biochemical explanation for 

the phenotype observed in TMEM165-CDG patients was not really 

understood. Therefore, extensive studies were conducted to try to uncover 

the physiological roles of TMEM165. In our lab, the yeast ortholog Gdt1p is 
commonly used as a model protein to gain insights into GDT1 family 

functions. 
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CHAPTER 3 

ON THE WAY TO UNCOVER THE 

PHYSIOLOGICAL ROLES OF GDT1P 

 

1. TMEM165 and Gdt1p share common functions in Golgi 

Ca2+, Mn2+, and pH homeostasis 

Not very surprisingly, when TMEM165 localization was assessed, it was 

discovered that the protein mostly stands at the Golgi membrane (170). In 

the yeast Saccharomyces cerevisiae, the place of residence of Gdt1p is also the 

Golgi, more specifically the cis- and medial-Golgi (90). In parallel to human 

glycosylation disorders related to TMEM165 deficiency, GDT1 deletion also 

leads to glycosylation defects in yeast, specifically when cells are grown with 

the addition of 50 to 500 mM Ca2+ in the extracellular medium (91). 

Furthermore, the deletion of GDT1 results in hypersensitivity of the 

pmr1Δ/gdt1Δ strain to 400 mM extracellular Ca2+ and to the chelating agent 

EGTA (ethylene glycol tetraacetic acid), while TMEM165 deficient cells 

display lysosomal pH dysregulation, which becomes most of the time more 

acidic (90). Recently, it was also shown that the Golgi pH is more acidic in 

cells depleted for TMEM165 (171). In yeast, the influence of GDT1 on pH 

homeostasis was tested by performing phenotypical measurements of 

different strains combining GDT1 and V-ATPase subunits deletions. It was 

observed that GDT1 deletion partially counteracts stv1Δ BAPTA 

sensitivity (80), the BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-

tetra-aceticacid) being a Ca2+-specific chelator. Interestingly, supplemen-

tation of the extracellular medium with extra Mn2+ restores N-glycosylation, 

both for TMEM165 affected human cells and in the gdt1Δ yeast strain (91, 
172).  
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In early studies about TMEM165 and GDT1, the conservation of function 

among the GDT1 family was assessed. Especially, GDT1 and TMEM165 share 

a strong sequence conservation (32% sequence identity, 52% sequence 
similarity), except for their N-terminus extension, which is 55 amino acids 

longer in the human protein, and could be dedicated to regulatory functions 

specific to human cells (2). However, the high conservation of the core part 

of the sequence suggests a possible conservation of function across 

evolution. Experimentally, the complementation of the growth defect of the 

gdt1Δ strain on high extracellular Ca2+ and high extracellular Mn2+ by 

TMEM165 strengthens the idea that the functions of TMEM165 and Gdt1p 

have been conserved during evolution (Figure 8) (173, 174). Though, it has 

to be noted that the complementation goes better with TMEM165 protein 

variants devoid of the non-conserved N-terminal part of the sequence. Since 
this N-terminal extension possibly plays regulatory roles, its presence could 

inhibit TMEM165 protein activity or perturb TMEM165 folding when 

heterologously expressed in yeast. Altogether, the study of Gdt1p function 

will hopefully bring valuable information to understand TMEM165 

implication in CDG. 

 

 

 

 

Figure 8. Human TMEM165 and S. cerevisiae GDT1 genes play similar functions for 
Ca2+ and Mn2+ detoxification. 
The pmr1Δ/gdt1Δ strain is sensitive to medium supplementation with Ca2+ and Mn2+ 

cations. The expression of GDT1 from plasmid improves growth compared to cells bearing 

an empty plasmid. Similarly, TMEM165 expression also improves the growth. Strikingly, 

deletion of the N-terminal extension of TMEM165 (Δ55 and Δ78) further improves 

resistance. Modified from (174). 
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2. TMEM165 and Gdt1p possess topological features of 

secondary transporters 

In silico analysis predicted that TMEM165 and Gdt1p are membrane proteins 

composed of six transmembrane spans. They are evolutionary emanating 

from the duplication and the fusion of an original sequence coding for a 

smaller protein with only three predicted transmembrane spans. The two 

resulting transmembrane clusters have an opposite orientation in the 

membrane and are connected by a large loop enriched with acidic amino 

acids. Also, the protein contains a putative signal sequence at its N-terminus, 

presumably for its recognition by the Signal Recognition Particle complex 
and for its subsequent insertion in the ER membrane. 

By looking more closely at the amino acid sequence, it appears that the GDT1 

family is characterized by a signature sequence – E-x-G-D-(KR)-(TS), where 

x represents any hydrophobic amino acid – that locates in the predicted 1st 
and 4th trans-membrane spans of the protein (Figure 9A) (2). The presence 

of such a sequence, enriched in charged and hydrophilic amino acids, 

suggests a function of the protein related to the transport of polar molecules 

across hydrophobic membranes. The antiparallel topology of the protein and 

the concomitant presence and the high conservation of two copies of such a 

characteristic motif in two distinct predicted transmembrane spans points 

out a transport mechanism that could involve an exchange of substrates, as 

observed for the Ca2+/cation antiporter (CaCA) superfamily (175, 176). The 

aspartate and glutamate residues could be important for the neutralization 

of the positive charges of cations such as Ca2+ and Mn2+, reducing the energy 

barrier that ions have to overcome to cross a hydrophobic membrane. Other 

hydrophilic residues in the vicinity of the predicted pore, such as Ser, Thr, 

Lys and Arg, would provide a hydrophilic microenvironment all along the 
cation’s road. 

Recently, a predicted tridimensional structure of Gdt1p was generated by the 

AlphaFold software, a tool using artificial intelligence to computationally 

draw protein structures from raw amino acid sequences (177). Although this 

prediction has to be considered with caution, it is interesting to note that 

Gdt1p predicted structure generated by this computational method is in 

accordance with the structural organization that was anticipated from 

previous analysis of the peculiarities of Gdt1p sequence (Figure 9B). In 

addition to previous features, this model predicts a bending in α helixes of 

TMs 1 and 4. This bending takes place around a glycine residue that belongs 

to the signature sequence. The side chain of glycine, which contains a 

single H, allows large latitude in the variation of the phi and psy dihedral 

angles and therefore large conformational changes during protein activity. 
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Such a bending in transmembrane domains is regularly observed in cation 

antiporters, such as the H+/Ca2+ exchanger from Archaeoglobus fulgidus or 

the Na+/Ca2+ exchanger from Methanococcus jannaschii (176, 178).  

 

 

  
Figure 9. Predicted Gdt1p structure and putative hydrophilic pore. 
Gdt1p probably possesses a 23 N-ter signal peptide and two sets of three transmembrane 

spans oriented with an opposite orientation in the membrane, that are connected by a 

large hydrophilic loop enriched with acidic amino acids. In TMDs 1 and 4, a conserved E-

x-G-D-(KR)-(TS) motif putatively forms a hydrophilic pore for the transfer of hydrophilic 

molecules. A. Planar projection of the expected topology (173). B. Predicted 

tridimensional structure generated by the AlphaFold algorithm (Uniprot P38301) and 

zoom on the putative central pore of the proteins, with highlighted hydrophilic amino 

acids that could mediate cation transport (177). The color code of the tridimensional 

prediction represents the confidence of the prediction, with dark blue being very highly 

confident, light blue moderately confident, yellow lowly confident and orange very lowly 

confident. For ease of viewing, the planar projection is roughly represented with identical 

colors. 
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3. GDT1 orthologs fulfil different functions related to 

Mn2+, Ca2+ or pH regulation 

Apart from the studies of human TMEM165 and yeast GDT1, a growing 

number of research groups are working on the deciphering of GDT1 family 

members functions in various organisms, as reviewed by Thines et al. (179). 

In plant cells, several GDT1 paralogs usually coexist. The CMT1/BICAT2 

protein from Arabidopsis thaliana resides in the inner membrane of the 

chloroplast and was shown to be important for Mn2+ supply of the 

chloroplast (180, 181), while PAM71/CCHA1 is another A. thaliana GDT1 

family member, which is located in the thylakoid membrane, that is also 

crucial for the proper supplying of the thylakoids with Mn2+ (182, 183). 

There, Mn2+ is part of a Mn4CaO5 cluster in the oxygen-evolving complex of 

the Photosystem II that oxidizes water molecules into O2, releasing H+ and 

mediating electron transfer in the thylakoid membrane. In addition to its role 
in Mn2+ supply of the chloroplast, CMT1/BICAT2 role in lightness - darkness 

responsive Ca2+ signaling of the chloroplast has also been demonstrated 

(184). Plausible H+ transport was also highlighted, because PAM71/CCHA1 

deletion in A. thaliana affects its cytosolic pH, makes the plant more sensitive 

to external pH variations and alters pH gradient across the thylakoid 

membrane (182, 183). 

In bacteria and in cyanobacteria, MneA from Vibrio cholerae and SynPAM71 

from Synechocystis prevent Mn2+ toxic accumulation in the cytosol (185-

187). SynPAM71 also supports Mn2+ transport across thylakoid membrane 
to ensure photosystem activity in cyanobacteria (185, 186). 

Finally, in several organisms, such as the protist parasite Trypanosoma cruzi, 

model mice, or plant, Golgi localized GDT1 orthologs have been examined and 

their function for Mn2+ or Ca2+ homeostasis was systematically pointed out, 

either for glycosylation, or for lactation (188-192). Moreover, several GDT1 
orthologs were expressed in the gdt1Δ yeast strain and assessed for Ca2+ 

sensitivity: the full-length Candida albicans ortholog CaGDT1, the full-length 

Zea mays ssp Mexicana L ZmmCCHA1, as well as truncated versions of 

A. thaliana orthologs PAM71 and CMT1. They all confer an increase 

resistance to high extracellular Ca2+ to the gdt1Δ strain, suggesting a 

conserved function for Ca2+ homeostasis (184, 193, 194). 
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4. Study of Gdt1p transport activity, physiological roles 

and regulation  

a. Measurements of Ca2+ and Mn2+ transport across biological 

membranes 

As Gdt1p is predicted to be a cation transporter, measurements were set up 

in our lab to confirm it via a direct transport assay. Gdt1p was efficiently 

expressed in Lactococcus lactis bacterial membrane and intracellular Ca2+ 

and Mn2+ measurements were performed by incorporating Fura-2 into the 

cells (Figure 10). Fura-2 is an aminopolycarboxilic acid that displays variable 

fluorescent properties when binding those cations. Thanks to this system, it 

was demonstrated that Gdt1p conveys Ca2+ and Mn2+ cations through 

biological membranes, but not Mg2+, neither other common physiological 

cations such as Na+, K+, Cu2+, or Ni2+ (91, 92). Furthermore, competition 

uptake assays revealed that Ca2+ import is reduced when Mn2+ is 
concomitantly added in the extracellular medium and vice versa. This extra 

measurement indicates that the transport of the two cations probably occurs 

in the same direction (92). Nevertheless, based on phenotypical assays in 

yeast and in human, it was sometimes suggested that Gdt1p and TMEM165 
could import Mn2+ in the Golgi in exchange for Ca2+ cations (195, 196). 

b. Effects of GDT1 up- and downregulation on cellular Ca2+ and Mn2+ 
homeostasis 

In order to understand the physiological roles of Gdt1p, many experiments 

were also conducted in its original host organism, S. cerevisiae. As already 

mentioned previously, the Golgi membrane possesses a relatively well 

characterized Ca2+/Mn2+ P-type ATPase, Pmr1p. The role of this pump is to 

fill the Golgi lumen with those cations in order to sustain Golgi functions and 

to avoid toxic accumulation in the cytosol. In a pmr1Δ strain, cells undergo 

glycosylation defects, protein trafficking alterations and they become more 
sensitive to high extracellular Ca2+ (84). Strikingly, those phenotypes also 

characterize the gdt1Δ strain, and some effects are even additive in the 
double pmr1Δ/gdt1Δ strain (90, 173). 

When looking at the global homeostasis of those cations, it was observed that 

the deletion of either PMR1 or GDT1 causes an accumulation of Ca2+ and Mn2+ 

into the cell (91, 92). The suspected reason is that, when cells cannot account 
on the secretory detoxification way, they boost their vacuolar detoxification 

functions, therefore increasing their total intracellular amount. The 

calmodulin-calcineurin system monitors the cytosolic Ca2+ concentration. 

When there is excessive cytosolic Ca2+, the Crz1 transcription factor is 

activated and triggers the expression of a vacuolar Ca2+ transporter, 
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Pmc1p (197, 198). A similar regulation mechanism could maybe drive Mn2+ 

accumulation in the vacuole when PMR1 and/or GDT1 are defective (199). 

The Ca2+ cation is a well-known secondary signal transducer that is involved 

in a series of intracellular signaling pathways (200). In yeast, transient Ca2+ 

increases occur after osmotic shocks, cold stress, alkaline stress, exposure to 
pheromones, or, for glucose-starved cells, in response to newly available 

fermentable carbon sources. In normal conditions, the cytosolic Ca2+ 

concentration is maintained at a very low level, between 50 and 200 nM 

(201). In organelles, the [Ca2+] is 102-103 times more concentrated (the free 

Ca2+ concentration is estimated at 10 µM in the ER, 10 to 300 µM in the Golgi 

lumen, and 30 µM in the vacuole (202-204)) (Figure 6). When cells aim to 

produce cytosolic [Ca2+] increase, they can allow Ca2+ to enter from the 

extracellular medium and/or from internal Ca2+ stores. On the contrary to 

animals where sarco-/endoplasmic reticulum is the usual Ca2+ storage place, 

the vacuole, being at the same time larger than other organelles and 

containing large amounts of bound Ca2+ (203), is the main Ca2+ stock for yeast 

cells. Therefore, in many cases, Ca2+ exits the vacuole through Yvc1p, a 
stretch-activable Ca2+ channel (205). 

If Gdt1p is effectively loading the Golgi with Ca2+, its deletion could affect the 

shape and the intensity of the transient cytosolic Ca2+ increases. Hence, 

[Ca2+]cytosol was monitored by several research groups, including ours, 

following various stress applications. While PMR1 or SPF1/COD1 deletion 

generally increases the intensity of the Ca2+ pulses because of the elevated 

[Ca2+]vacuole, the concomitant deletion of PMR1 and GDT1 or SPF1 and GDT1 
unexpectedly does not cause a synergistic effect on the cytosolic Ca2+ 

elevation after a saline stress or after a glucose pulse (87, 91). On the 

contrary, GDT1 overexpression in the pmr1Δ strain increases the intensity of 

the Ca2+ pulse compared to the pmr1Δ/gdt1Δ strain (91, 206). Furthermore, 

in a similar way as the deletion of plasma membrane Ca2+ importers or as the 

deletion of vacuolar Ca2+ sequestrators, GDT1 deletion even decreases the 

height of the Ca2+ pulse release in glucose-starved cells following a Ca2+ pulse, 

compared to the WT strain, (87). It suggests that, compared to Pmr1p and 

Spf1p, Gdt1p does not contributes much to Ca2+ storage in the secretory 

pathway. Nevertheless, in some specific conditions, it still appears that Gdt1p 

pump Ca2+ towards the Golgi lumen. It is especially the case when looking at 

Ca2+ dissipation of some TECC (Transient Elevation of Ca2+ Concentration, 

observed after the addition of fresh glucose to starved cells), when cells are 

grown in a medium at pH 5.0 (207). 

Manganese displays roles in the redox control of cells. Among other 

mechanisms, it binds Sod2p, a superoxide dismutase located in the 

mitochondria, to protect cells against oxidative stress. Mn2+-dependent 
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Sod2p activity can be monitored by an in vitro assay and is a direct indication 

of cytosolic Mn2+ loading. When SMF2 is deleted, cytosolic Mn2+ decreases 

and Sod2p activity is reduced (88). On the contrary, PMR1 deletion causes an 
increase of cytosolic Mn2+ and an activation of Sod2p activity (88). Similarly, 

GDT1 deletion activates Sod2p activity (92). It suggests a concomitant action 

of Pmr1p and Gdt1p for Mn2+ cytosolic extrusion to the Golgi lumen. 

 

 

 

Figure 10. Gdt1p transports Ca2+ and Mn2+ cations across biological membranes. 
Gdt1p was expressed in L. lactis to test its ability to convey cations across a lipid bilayer. 

A. When compared to a negative control, i.e. cells that do not express Gdt1p, the 

intracellular [Ca2+] increases faster in Gdt1p expressing cells after addition of CaCl2 in the 

extracellular medium, suggesting that the influx of Ca2+ is facilitated by Gdt1p. B. The 

intracellular [Mn2+] is estimated from the quenching by Mn2+ of an internalized 

fluorescent sensor, Fura-2. Similarly, Gdt1p expression increases Mn2+ influx into bacteria 

as compared to the negative control. Adapted from (91, 92). 
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c. At the Golgi, Gdt1p influences enzymatic activity and protein 

trafficking 

The impact of GDT1 deletion on Golgi functions should be looked into details 

to deeper understand Gdt1p roles. Post-translational modifications or 

trafficking could both be affected by pH, Ca2+ or Mn2+, and those two Golgi 
biological functions are strongly interconnected. Hence, it could be difficult 

to discriminate and to elucidate what is the exact role of Gdt1p. Therefore, 

deep and cautious studies are required. 

The carboxypeptidase Y (CPY) usually follows the vacuolar protein sorting 

pathway to reach the vacuole lumen. In classical YD growth medium, if PMR1 

is deleted, trafficking is affected and some CPY proteins are missorted, 
eventually ending up in the extracellular medium. Noteworthy, the 

additional deletion of GDT1 dismisses CPY trafficking defects. On the 

contrary, GDT1 overexpression increases trafficking defects. If the medium 

is supplemented with 400 mM Ca2+, the trend is opposite, no more defect is 

observed in the pmr1Δ strain but trafficking defects come out in the 
pmr1Δ/gdt1Δ strain (Figure 11A) (173). 

CPY is also N-glycosylated during its transit through the ER and the Golgi. 

Glycosylation defects characterize the pmr1Δ strain. Interestingly, growth 

medium supplementation with 500 mM Ca2+ corrects glycosylation in the 

pmr1Δ strain and induces glycosylation defects to gdt1Δ cells. The addition 

of 500 µM of Mn2+ restores glycosylation in every case. Regarding O-

glycosylation, the case study of Gas1p – a N- and O-glycosylated surface 
protein – is interesting. The glycosylation defects are quite similar as the 

ones observed for CPY, except that manganese alone cannot restore all 

glycosylation defects, while the concomitant addition of 500 µM MnCl2 and 
500 mM CaCl2 do so (Figure 11B) (91). 

The availability of inactive or selective Gdt1p mutants for Ca2+ or Mn2+ 

transport would be extremely beneficial to gain more insights into Gdt1p 
physiological functions. Several mutagenesis performed in our research 

group highlighted that the conserved motifs are important for Gdt1p activity, 

either when assessed by phenotypical assay on Ca2+ supplemented media 

with S. cerevisiae, or when direct transport activity was performed in 

bacteria (206, 208). Strikingly, a totally inactive transporter has never been 

obtained, according to transport assays performed in L. lactis (208). 
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Figure 11. Gdt1p sustains Golgi functions in a Ca2+-dependent manner. 
A. CPY vacuolar protease is mistargeted to the extracellular medium when trafficking 

troubles occur, as detected by western blotting with α-CPY antibodies. The extracellular 

protein content was passively bound to nitrocellulose membranes by a 24-hours contact 

incubation with the cells growing on indicated media. While overexpression of GDT1 in 

the pmr1Δ strain increases trafficking defects in YD medium, GDT1 deletion in the pmr1Δ 

strain induces trafficking defects when cells are cultivated with 400 mM CaCl2. 

B. Glycosylation defects are detected thanks to migration shifts of the N-glycosylated CPY 

protein and of the N- and O-glycosylated Gas1p protein. In the pmr1Δ strain, glycosylation 

defects are corrected by the addition of Ca2+. On the contrary, glycosylation defects appear 

in the gdt1Δ strain when grown with extra Ca2+. Mn2+ supplementation is able to restore 

glycosylation in most cases, except for O-glycosylation of Gas1p that requires Mn2+ and 

Ca2+ complementation. Reference protein markers are indicated (kDa). Figure adapted 

from (173) and (91).  
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d. Gdt1p abundance is regulated, for which purpose? 

Gdt1p and Pmr1p do highly colocalize in yeast cells (90) and they 

presumably have complementary function for Ca2+ and Mn2+ pumping 

towards the Golgi lumen (92, 173). In human cells, the spatial proximity of 

TMEM165 and SPCA1 – the functional homolog of Pmr1p – is also important, 
as stated by proximity ligation assay (209).  Therefore, could the deletion of 

one of those genes induces an upregulation of the other one, and vice versa? 

Strikingly, it was rather observed that the deletion of PMR1 decreases Gdt1p 

cellular abundance (Figure 12A). Again, in human, SPCA1 knock-out is 

causing TMEM165 downregulation (209). Otherwise, GDT1 deletion does not 

affect Pmr1p abundance (91). The biological relevance of Gdt1p decrease is 
not clear to date, but rather raises additional questions regarding the 

physiological functions of Gdt1p. Especially, it suggests that Gdt1p and 

Pmr1p could have opposite effects on the relative concentrations of Ca2+ and 

Mn2+ at both sides of the Golgi membrane. It should also be noted that a co-

immunoprecipitation trial performed in our laboratory could not uncover 
Gdt1p - Pmr1p physical interaction.  

Interestingly, it was observed that Gdt1p reduction of abundance no longer 

occurs when vacuolar degradation is defective, in the pep4Δ strain. Besides, 

Ca2+ supplementation partly restores Gdt1p abundance, with the calcineurin 
that could be involved in this process (Figure 12A) (133). 

Curiously, it was also discovered that the addition of 1 to 5 mM of MnCl2 in 
the extracellular medium, which constitutes a large excess relative to usual 

Mn2+ availability, induces a fast and pronounced degradation of Gdt1p 

(Figure 12B). Similarly, TMEM165 is also rapidly degraded to the lysosome 

after the addition of 500 µM MnCl2 in the culture medium (Figure 12C). 

TMEM165 sensitivity to Mn2+ starts even from 25 µM Mn2+ when the 

exposure is performed for 36 hours (210). The lower threshold inducing 

protein degradation in human cells makes sense since pluricellular 
organisms maintain epithelial barriers and enjoy detoxification mechanisms 

at the organism level that avoid too important fluctuations of the 

extracellular fluid composition, while unicellular organisms have to face 

stresses at an individual level. Therefore, yeast cells can probably cope with 

higher extracellular Mn2+ thanks to additional detoxification mechanisms. 

Still, it is remarkable that the sensitivity to Mn2+ of Gdt1p and TMEM165 is 

observed in these two so divergent organisms. This points out that it is a 

crucial regulation mechanism for cells to cope with Golgi localized GDT1 
family members when facing unexpected Mn2+ supply. 
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This degradation phenomenon and its underlying mechanism is one of the 

biological questions I will address in my thesis. It will therefore be 

extensively discussed latter on in the manuscript. 

 

 

 

 

Figure 12. Gdt1p and TMEM165 abundances are regulated by Ca2+ and Mn2+. 
A. Gdt1p is less abundant in the pmr1Δ strain. This decrease of abundance is reverted in 

the pmr1Δ/pep4Δ strain, where vacuolar degradation is impaired. Moreover, Gdt1p 

decrease in abundance is also counterfeited by Ca2+ addition in the growth medium. 

B. Gdt1p is actively degraded after addition of Mn2+ in the extracellular medium. C. In 

human cells, TMEM165 is also sensitive to Mn2+ exposure. Figure adapted from (133) and 

(210). 
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Biological context 

As stated in the introduction, Gdt1p – and its human ortholog TMEM165 – 

are Golgi localized transporters, possibly exchangers. To date, their exact 

role in cellular physiology is not clear yet and their influence on glycosylation 

is not precisely understood. While Ca2+ and Mn2+ Gdt1p-mediated transport 
activities have been demonstrated thanks to a heterologous expression tool, 

the transport determinants, i.e. driving force, direction of transport, 

activation and regulation, remain enigmatic. Though, several experiments 

suggested that Ca2+ and Mn2+ cations could be carried out from the cytosol to 

the Golgi lumen, against their concentration gradient. Besides, it was also 

highlighted that the pH homeostasis could be affected by GDT1 family 

members. Henceforth, the pH gradient could serve as the driving force to 
induce Ca2+ and Mn2+ transport. 

In order to make a step forward in the understanding of the physiological 

functions and of the regulatory mechanisms of Gdt1p, it is crucial to acquire 

accurate in vivo data in its native host organism. 

 

Objectives 

My PhD thesis covers two biological questions: 

a. Does Gdt1p convey H+ ions during the transport of Ca2+ and Mn2+ 

cations through the Golgi membrane? 

b. What is the pathway for Gdt1p degradation upon Mn2+ exposure? 

 
I will try to unravel those questions thanks to three working strategies: 

1st strategy 

To develop probes for in vivo Ca2+, Mn2+ and pH measurements in the Golgi 
lumen. 

The main challenge resides in the adaptation of available methodologies to 

make them suitable to the expected concentrations of S. cerevisiae Golgi 

lumen. For Ca2+ and pH measurements, we will take advantage of sensors 

available for in vivo monitoring in other organisms and other yeast 

organelles. For Mn2+ quantification, we will develop strategies to evaluate its 
quantity within the Golgi.  
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2nd strategy 

To perform pH measurements in order to assess the hypothesis that Gdt1p 
exchanges H+ ions against Ca2+ and Mn2+ cations. 

To do so, we will use L. lactis as a heterologous expression system for direct 

H+ transport measurements, as already performed in our laboratory for Ca2+ 

and Mn2+ transport assays. In addition, by taking advantage of sensors 

dedicated to in vivo cytosol or Golgi monitoring in S. cerevisiae, either already 
available or developed in this research project, we aim at deciphering in vivo 

Gdt1p direction of transport. 

3rd strategy 

To enquire about the regulation of Gdt1p abundance. 

Preliminary data and literature review indicate that both TMEM165 and 

Gdt1p could be regulated via a degradation mechanism induced by the 

addition of Mn2+ in the culture medium. However, the exact process involved 

in Gdt1p degradation is not unraveled and the physiological explanation for 

this downregulation is not clear yet. We will question them in this thesis by 

performing Gdt1p degradation assays in a selected set of strains involved in 

Ca2+ and Mn2+ homeostasis, or involved in trafficking and degradation 
pathways. 
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PART III 

TOOLS AND STRATEGIES TO STUDY 

GDT1P PHYSIOLOGICAL FUNCTIONS
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This third part of the manuscript gathers the most relevant results obtained 

during my thesis. It will be presented in three chapters, since distinct 

biological hypotheses are questioned in the frame of this research. Also, 

given that several students performed their master thesis under my co-

supervision with Prof. Morsomme and that their subject were often directly 

connected to my research topics, some of the data they acquired will be 

integrated into this thesis. When this is the case, it will be explicitly stated. 

The two first chapters, concerning the development of Golgi-localized probes 

for in vivo monitoring of several parameters such as pH or [Ca2+], and 

questioning the putative exchange of H+ against Ca2+ and Mn2+ mediated by 
Gdt1p, have been relatively well completed. Therefore, they have been or are 

currently in process of publication. In this manuscript, in addition to the 

published data, a set of additional trials and measurements are also 
displayed. 

The third chapter, which addresses the regulation modes of Gdt1p, 

represents a more exploratory topic. Indeed, even though many of the known 

protein degradation routes are assessed in my thesis, it seems that Gdt1p is 

degraded in an unconventional way – or that we failed to identify a known 

way –. Therefore, our data lead us to develop other research methodologies 
for future uncovering of Gdt1p degradation route.
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« The heart of science is measurement. » 

Erik Brynjolfsson 

 

 

 

 

CHAPTER 1 

TARGETING OF PROBES FOR IN VIVO GOLGI 

[CA2+] AND PH MONITORING IN S. CEREVISIAE 

 

 

 

1. Preliminary trials with various Ca2+ sensors 

Results presented in this subchapter were obtained by Guillaume Poncelet, a 

Master student who initiated this research project before I jumped into the lab, 

Sophie Sluysmans, who worked under my supervision, and myself. 

a. Why are intraluminal Ca2+ measurements important for Gdt1p 
function elucidation? 

For the purpose of gene function elucidation, the deletion of the gene from 
the genome, when not lethal, is often the first way to get relevant 

information, by looking for example at phenotypic traits. With S. cerevisiae, 

chromosome modifications are easy because S. cerevisiae commonly 

executes homologous recombination. Moreover, the possibility to grow 

haploid cells is an extra advantage for the generation of deletion strains. 
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Hence, the EUROFAN II systematic deletion project (211) generated a 

collection of about 5,000 S. cerevisiae deleted strains, from its 6,000 genes.  

However, gene deletion often conducts to the activation of compensatory 

mechanisms. It is illustrated by PMR1 deletion. When cells cannot account on 

this transporter to expel excessive cytosolic Ca2+ or Mn2+, they stimulate their 
sequestration within the vacuole (81). Accordingly, cytosolic Ca2+ peaks, a 

stress response commonly resulting from vacuolar Ca2+ release, are higher 

in the pmr1Δ strain than in the WT strain. In cases where metabolic and 

regulatory modifications induced by a gene deletion are not sufficiently 

deciphered, data interpretation is sometimes misleading. When cytosolic 

[Ca2+] was measured for the gdt1Δ strain thanks to the well-established 

bioluminescent aequorin probe, a series of assumptions were usually 

necessary to interpret the observed data (91, 207). Sometimes, a satisfying 

interpretation was not even obtained. Indeed, many cellular processes are 

implicated in the regulation of cytosolic Ca2+ and one does not know how 
GDT1 deletion affects all of them. 

Henceforth, we aim at measuring the luminal Golgi Ca2+ concentration, where 
data interpretation should be less influenced by the many mechanisms of 

cellular Ca2+ control than when looking at cytosolic [Ca2+]. Since no valuable 

methodology was available for yeast Golgi Ca2+ monitoring at the beginning 

of this research project, we decided to take advantage of Ca2+ sensors used in 

other biological contexts (212) and to try to translate their use to S. cerevisiae 

Golgi. 

 

b. Available probes for in vivo Ca2+ measurements 

Hundreds of papers describe many various Ca2+ probes (213, 214). They 

have different properties in terms of affinity (Kd), brightness and quantic 

yield, reading mode (bioluminescence, fluorescence intensity, ratiometric 

fluorescent read-out), spectral characteristics, chemical properties 

(hydrophilic, hydrophobic), availability of modified forms (e.g. 

acetoxymethyl esterified forms for intracellular loading), resistance to 

photobleaching, etc. According to the application, one or another sensor can 

be more suitable for measurement (215). Generally speaking, two main 

strategies can be used for in vivo measurements. The first one consists of the 

use of chemical sensors that have to be loaded or internalized by the cell 

prior to measurement. The second one takes advantage of genetically 

encoded probes that are directly produced by the cell itself. Chemical probes 

are usually organic molecules able to bind Ca2+, thereby modulating their 

spectral properties. They can either be injected into cells thanks to adapted 
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needles, or enter cells by crossing lipid bilayer thanks to their inherent 

hydrophobic properties, or even be internalized by endocytosis. The main 

drawback of those methodologies is that it is pretty difficult to get a well-
defined compartmentalization. Since the Golgi in S. cerevisiae consists of 

small circular-shaped compartments spread across the cytosol, it would be 

very though to measure specifically and exclusively the luminal Golgi Ca2+ 

concentration by using those probes. Therefore, we will rather opt for 

genetically encoded Ca2+ probes (214), that can be directed more precisely 

to the Golgi lumen. 

Ca2+ has the ability to be recognized by simple protein folds in a quite specific 

manner, with carboxyl and carbonyl groups that usually coordinates the Ca2+ 

cation (216). The most common and the best studied Ca2+-binding domain in 

proteins is the EF-hand motif (200, 217). Upon binding to Ca2+, changes in 

protein conformation are susceptible to modify enzymatic properties or 
spectral read-out. 

 

i. Aequorin, the most widely used bioluminescent Ca2+-sensor 

This photoprotein of 22 kDa is naturally associated with the Green 
Fluorescent Protein (GFP) in the jellyfish Aequorea victoria, from which both 

have been isolated (218). Aequorin is able to oxidize coelenterazine into 

coelenteramide in an excited state. The excited coelenteramide then relaxes 

its energy by emitting a photon. This reaction requires oxygen as a substrate 
and needs binding of Ca2+ to the protein for the catalysis to occur (Figure 

13A) (219, 220). Having no ortholog in most organisms, the aequorin usually 

does not interfere with any physiological function when heterologously 

expressed. Finally, bioluminescence is a peculiar capability and, therefore, 

there is usually no interference with endogenous emitted signal, on the 

contrary to fluorescence emission. Up to now, the aequorin has been cited in 

almost two thousand scientific papers and it is obviously an attractive option 
for intracellular Ca2+ measurements (221). 
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Figure 13. Selected genetically-encoded Ca2+ sensors for yeast Golgi monitoring. 
A. Chemiluminescent protein aequorin. This photoprotein does not require incident light 

excitation, but rather consumes a substrate, the coelenterazine compound, to produce 

photons. The light emission is dependent on Ca2+ binding by the protein. For quantitative 

measurements, a final discharge of the luminescence is performed by saturating all 

aequorin proteins with Ca2+. B. GFP-Aequorin protein (GAP) is a fluorescent sensor that 

takes advantage of the Ca2+-binding properties of the aequorin moiety and of the 

fluorescent properties of the GFP. Usable in a ratiometric manner, the binding of Ca2+ to 

the aequorin moiety changes protein conformation and the sensibility of the two 

excitation peaks of the GFP, at 403 and 470 nm (wavy lines). The emission is 

systematically recorded at the same wavelength of 510 nm. C. Cameleons are Förster 

Resonance Energy Transfer (FRET)-based Ca2+ indicators. Upon binding of Ca2+ by the M13 

calmodulin-binding peptide, the two fluorophores get closer, allowing FRET to occur. 

Colors denote the availability of sensors with various spectral properties. Figure adapted 

from (214). 

 



55 
 

ii. Calmodulin-based fluorescent Ca2+-sensors 

The calmodulin (CaM) is by far the most abundant and the best characterized 

protein implying EF-hands. This cytosolic protein is highly conserved and 

almost universally used for Ca2+ signaling. In terms of structure, two EF-hand 

pairs are separated by a flexible helical linker (217). Upon binding to Ca2+, 
the conformation of the linker region is modified. Consequently, 

hydrophobic surfaces at both extremities of the protein will be exposed to 

the environment and became available for interactions with other proteins 
(217, 222). 

Researchers have taken advantage of this Ca2+-related conformational 

change to design various fluorescent Ca2+ probes. For example, Cameleon 
probes commonly consist of chimeric proteins composed of Blue Fluorescent 

Protein (BFP) - CaM - M13 peptide - GFP (223), where M13 is a CaM-binding 

peptide that derives from skeletal muscle myosin light chain kinase (224). 

When CaM binds four Ca2+ ions, its conformation changes. In consequence, 

M13 peptide and CaM will curl around each other, bringing closer the two 

GFP variants (225). This rapprochement of the two fluorescent proteins 
generates Förster Resonance Energy Transfer (FRET) that serves as the read-

out for Ca2+ measurement (Figure 13C). 

 

iii. GAP, a GFP-Aequorin fusion for Ca2+-measurement 

As stated previously, the aequorin is a well-known bioluminescent Ca2+-

binding protein. To perform imaging, fluorescent sensors are more 

appropriate because they emit a bulk of photons during the course of one 
experiment. Quite recently, a research group combined the Ca2+ binding 

properties of aequorin with the fluorescent property of the GFP, by designing 

a Ca2+ probe denominated as GFP-Aequorin Protein (GAP) (226). The C-

terminus of a specific GFP variant (Q80R, F99S, M153T, V163A) is fused via 

a 16 amino acids linker to the N-extremity of the apoaequorin. It generates a 

ratiometric fluorescent Ca2+ sensor with a high dynamic range. Depending on 

[Ca2+], the two excitation peaks of 403 and 470 nm are distinctively active, 

while the emission occurs at a single wavelength of 510 nm (Figure 13B). It 

does not necessitate reconstitution with the coelenterazine cofactor, and is 

temperature-, Mg2+- and pH-insensitive (in the range of pH 6.2 to 8.2). 
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c. Fusion with the transmembrane domain of type II membrane 

proteins is a good way to target proteins to the Golgi lumen 

i. Localization to the Golgi can be obtained 

Proteins are precisely localized within one or another organelle thanks to 

various targeting signals and retention mechanisms. We took advantage 
from the efficient retention mechanisms of Golgi-localized proteins to 

address sensors to the cis- and medial-Golgi apparatus, where Gdt1p does 

localize. To this end, we fused different aequorin variants or GAP1 – a low 

affinity variant of the GAP sensor, with Kd = 12 µM (226) – to the N-terminal 

part of Mnn2p, an alpha-1,2-mannosyltransferase located in the early Golgi 

(227). The N-terminal region we used consists of the 36 first amino acids of 

Mnn2p and contains the cytosolic extension of the protein, its sole 

transmembrane span (TMD, transmembrane domain) and a few luminal 

amino acids, and are an efficient and sufficient retention signal to target 

proteins to the Golgi (228). A Gly3-HA-Gly3 linker was inserted to connect the 

two parts of the chimeric protein and serves as a spacer to avoid noxious 

interactions of the probe with the phospholipidic membrane (Figure 14). 

 

 

 
Figure 14. Targeting strategy for new Golgi-localized probes in S. cerevisiae. 
In order to send probes within the Golgi lumen, chimeric proteins were constituted of the 

36 first amino acids of Mnn2p, a type-II transmembrane Golgi-resident 

mannosyltransferase, connected to the sensor sequence via a Gly3–hemagglutinin(HA)–

Gly3 linker. 
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By using this targeting strategy, the chimeric proteins seem correctly 

targeted to the secretory pathway. Nevertheless, the use of a strong 

expression system, with constructs under the control of the pTPI promoter 
on the centromeric pRS315 plasmid, generally leads to mislocalization of the 

probe. We commonly observed some signal that does not correspond to the 

commonly described Golgi shape in S. cerevisiae, and that could indicate 

some protein retention in the ER (Figure 15A) or some mistargeting to 

vacuoles. In order to avoid this, we tested presumably weaker promoters, 

pSNA2 and pGDT1. When expressed under the promoter of GDT1 – pGDT1 – 

we finally obtained a quite well-defined localization of our probes, in small 

circular compartments looking like Golgi compartments. When assessed by 

immunofluorescence microscopy, the Mnn2-HA-Aequorin chimeric protein 

almost completely colocalizes with the Golgi localized Gdt1p (Figure 15B). 
When looking at protein segregation by subcellular fractionation on sucrose 

gradient, there is some overlay of Mnn2-HA-Aequorin with Gdt1p (Figure 

15C). Similarly, Mnn2-HA-GAP1 also co-fractionates partly with Gdt1p 

(Figure 15D). Even tough, there is a noticeable shift of the Ca2+ probes 

towards more dense fractions of the gradient, that could correspond to ER or 

intermediate compartments in between ER and Golgi, as indicated by the 

profile of the ER marker Ost1p. CPY was used as a vacuolar marker in this 
experiment. 

 

ii. When fused with Mnn2p transmembrane span, probe topology 

is adequate and uniform 

Next to subcellular localization, it is also of critical importance that the probe 

faces the Golgi lumen, and not the cytosol. Mnn2p possesses a single 
transmembrane domain and a large soluble region and exerts its catalytic 

activity in the lumen of the secretory pathway. It is suspected that the single 

TMD and the surrounding amino acids sequence drives protein retention at 

the Golgi membrane and dictates protein insertion within the membrane 

with a specific topology. Accordingly, the addition of a soluble protein after 

the predicted TMD of Mnn2p should lead to the same orientation for the 

chimeric proteins as for the native Mnn2p. However, the construction of 
chimera sometimes causes unexpected protein behaviors. Therefore, we 

decided to control protein topology by developing a protease 

resistance/degradation assay. 
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Figure 15. Use of the mild pGDT1 promoter, compared to the stronger pTPI 
promoter, improves targeting to the Golgi of Ca2+ probes fused to the N-terminal 
part of Mnn2p. 
A. Localization of Golgi-targeted Ca2+ sensors when expressed under the control of the 

strong constitutive pTPI promoter.  For immunofluorescence detection of Mnn2-HA-

Aequorin, α-HA rat primary antibodies and Alexa Fluor 546-conjugated anti-rat IgG 

antibodies were used. For fluorescence microscopy imaging of Mnn2-HA-GAP1 (GFP-

Aequorin Protein 1), a GFP filter was used. DIC is represented. B. Localization of the Golgi-

targeted Mnn2-HA-Aequorin when expressed under the control of the weak pGDT1 

promoter. Immunofluorescence detection of the chimeric protein thanks to α-HA rat 

primary antibodies and Alexa Fluor 546-conjugated anti-rat IgG antibodies were used. 

Anti-Gdt1p rabbit primary antibodies and Alexa Fluor 488-conjugated anti-rabbit IgG 

were used for Golgi outlining. DIC and merge are also presented. C. and D. Localization of 
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Mnn2-HA-Aequorin and Mnn2-HA-GAP1 expressed under the control of pGDT1 were also 

assessed by subcellular fractionation on sucrose gradient. The constructs were detected 

by α-HA or α-Aequorin antibodies, and α-Gdt1p, α-Ost1p and α-CPY were used as 

references for Golgi, ER and vacuole detection, respectively. Subcellular fractionation was 

performed on a discontinuous sucrose gradient, ranging from 12.5 to 54 %. Experiments 

with the aequorin were performed by Guillaume Poncelet and experiments with GAP1 

were performed by Sophie Sluysmans.  

 

Golgi vesicles were collected after the procedure of subcellular fractionation 

on sucrose gradient, as stated in the previous part. Then, Golgi vesicles were 

incubated with trypsin, a serine protease that cuts proteins and peptides 

mainly at the carboxyl side of arginine and lysine residues. If the globular 

soluble part of the sensor locates in the Golgi lumen, it should be protected 

from proteolytic degradation, while cytosolic facing proteins should be 

digested. As controls, samples not submitted to trypsin, incubated 

concomitantly with trypsin and a detergent – Triton X-100 – to solubilize 

Golgi membrane, or with the supplemental addition of a trypsin inhibitor, 

were also analyzed. Remarkably, the aequorin is protected from degradation 

when incubated with trypsin, as the intensity of the signal detected by 
western blotting is close to the one of the two positives controls, and that 

protein degradation is almost complete in the negative control where 

detergent is added (Figure 16). Note that I also used the same procedure to 

assess Gdt1p topology. Thanks to this assay, we were able to confirm the 

assumption that the largest soluble loop of Gdt1p, positioned in between 

TMDs 3 and 4, is facing the cytosol (Figure 9 and Figure 18D) (2). 

 

Figure 16. Golgi-localized aequorin fused to the transmembrane span of Mnn2p is 
oriented towards the Golgi lumen. 
WT cells transformed with pRS315-pGDT1-MNN2(1-36)-Gly3-HA-Gly3-AEQ-tCYC1 were 
collected and subcellular fractionation was performed. Golgi-enriched fractions were 
then submitted to trypsin digestion (0.01 mg/ml trypsin, 30 min at 25°C), with or without 
detergent addition (1% Triton X-100, final concentration). In the absence of detergent 
(Lane 2), the large soluble sensor part of the chimeric proteins is protected against 
digestion, as deciphered by western blotting analysis with α-AEQ antibodies. As controls, 
a sample was loaded without trypsin treatment (Lane 1), a sample was simultaneously 
confronted to Triton X-100 and trypsin in order to solubilize the Golgi membranes and to 
render all proteins accessible for digestion (Lane 3) and a last sample was simultaneously 
submitted to trypsin, Triton X-100 and several trypsin inhibitors (Lane 4). 
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Such an assay was also further developed latter on in this research project, 

to assess the topology of other Golgi-targeted probes. It confirmed that the 

use of the first 36 amino acids of Mnn2p is a suitable targeting sequence to 
localize probes in the Golgi lumen (Figure 18D). 

 
 

d. In our hands, monitoring of the Golgi Ca2+ concentration could not 

be achieved 

Despite strong efforts to obtain an operable Ca2+ sensor for Golgi 

measurements, we were never able to achieve this objective… There are 

major difficulties in such a probe design. At first, the Golgi Ca2+ concentration 
in S. cerevisiae is not known. From measurements in other organisms and in 

other organelles of yeast, we can estimate that it is situated in the micromolar 

range, probably in between 10 µM, that is the [Ca2+]ER measured in 

S. cerevisiae (202), and 300 µM, the estimated upper level of [Ca2+]Golgi in 

mammalian cells (204, 229). As Ca2+ sensors usually display a 1-2 order of 

magnitude dynamic range, we tested probes with various KD, GAP1 – 12 µM 
(226), aequorin(D119A) – 260 µM (230), aequorin(N28L;D119A) – ∼ 2 mM 

(231). Secondly, other physicochemical parameters could affect probe 

efficacy, such as pH, redox status, ionic strength, availability of chaperones 

for protein folding, concentration of other divalent cations, etc. The influence 

of those parameters on probe effectiveness in vivo is hard to evaluate. Finally, 

sensitivity is also a critical bottleneck. Indeed, when expressed at too high 

level, we commonly observed probes mislocalization, either some retention 
in the ER, or mistargeting to the vacuole. As a solution, we decreased the 

strength of protein expression. While it solved protein localization troubles, 

the cost is a lower signal over noise ratio and therefore difficulties to detect 

the specific fluorescent/luminescent signal exploitable for Ca2+ 
measurement. 

Altogether, the generation of a suitable Ca2+ probe for S. cerevisiae Golgi 

measurements was not successful. Further effort should be performed to 
reach this objective. 
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2. A new pH sensor for the Golgi of S. cerevisiae 

Data presented hereunder have been published. For consistency with other 

elements exhibited in this thesis, the introduction and discussion parts have 

been slightly adapted compared to the publication. 

 

a. Why and how to measure pH in the organelles of the secretory 

pathway? 

The pH gradient across biological membranes serves as the driving force for 

many secondary transporters. While at the plasma membranes the nature of 
this electrochemical gradient differs between the different kingdoms of life, 

the pH gradient is the main electrochemical gradient used in organelles of all 

eukaryotes by secondary transporters. Given the importance of pH 

homeostasis within the cell and particularly in the secretory pathway 

(reviewed in Casey et al. (232)), it is essential to possess appropriate tools to 

accurately measure this parameter in vivo. For the yeast S. cerevisiae, one 

probe is already available to measure the pH of the trans-Golgi 
network/endosomes lumen (39, 70) and the chemical probe BCECF is 

commonly used to measure the vacuolar pH (233). Recently, another sensor 

has been developed for pH measurements within the ER (38). However, 
there is no suitable sensor to precisely measure the early Golgi pH. Based on 

the pHluorin protein, a ratiometric pH probe derived from the GFP (234), we 

will take advantage of the targeting strategy we assessed with Ca2+ probes to 

develop a new Golgi-localized pH sensor in yeast. 
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Figure 17. A pHluorin-based pH sensor targeted to the Golgi apparatus was 
designed and step by step optimized. 
A. Adaptations to enhance the fluorescence intensity of the Golgi pH probe, as measured 

with a cell suspension adjusted to an identical optical density (OD600) after two washings 

with fresh low fluorescent synthetic medium. All measurements were done with the 

BY4742 wild type background strain, transformed either with an empty plasmid (Empty 

vector, gray curve), with a plasmid containing the original pHluorin under the control of 

the weak pSNA2 promoter (pRS315-pSNA2-Mnn2-HA-pHluorin-tCYC1, green curve), 

with the same vector containing the pHluorin with two punctual mutations – F64L and 

M153R – (pRS315-pSNA2-Mnn2-HA-pHluorin**-tCYC1, blue curve), or with the genomic 
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insertion of the double mutated pHluorin under the control of the strong constitutive pTPI 

promoter (Genomic insertion pTPI-Mnn2-HA-pHluorin**-tCYC1, red curve). B. Blank 

subtracted spectra reveal the specific fluorescence of the probe. The fluorescent 

background of wild type cells transformed with an empty plasmid was subtracted to raw 

fluorescent spectra represented in part (A). N = 3. Means and ranges are represented. C. 

and D. Genomic integration improves homogeneity of the expression level of the protein 

of interest, compared to classical plasmid expression system. Fluorescence microscopy 

images of cells expressing Mnn2-HA-pHluorin** on a plasmid or inserted within the 

genome, both under the control of the pTPI promoter. Left: DIC; right: GFP filter. Scale 

bars = 10 µm. 

 

b. Targeting of an improved pHluorin-based probe to the Golgi 

apparatus of S. cerevisiae 

The first 36 amino acids of Mnn2p (228) have been linked to the N-terminus 

of the pHluorin via a HA tag which serves as a spacer to avoid noxious 

interactions of the pH probe with the phospholipidic membrane (Figure 14). 

Considering that the Golgi apparatus represents only a small fraction of the 

total cellular volume, the expression level of Golgi-localized proteins has to 

be maintained at a relatively low level to avoid mistargeting. Therefore, we 

expressed the construct on a pRS315 plasmid under the control of pSNA2, 

the mild constitutive promoter of the SNA2 gene (235). Unfortunately, the 

resulting fluorescence of our probe was very close to the fluorescence 

background (Figure 17A). Interestingly, several groups have identified 

punctual mutations that increase the brightness of the pHluorin with regards 
to the original version (236, 237). We inserted two of these mutations, F64L 

and M153R, respectively, to generate the Mnn2-HA-pHluorin** chimeric 

protein. This strategy enhanced the specific fluorescent signal of about three-
fold (Figure 17A and B). Moreover, using a protease degradation assay, we 

observed that the mutated form of the pHluorin is much more resistant to 

protease degradation than the original version (data not shown), indicating 

that the stability of the protein could be increased thanks to these two 

mutations. According to Reifenrath et al. (38) who recently developed a 

pHluorin variant to measure the pH within the ER of S. cerevisiae, these 

mutations could facilitate the folding of the protein in the oxidative 
environment of the ER lumen. 

By fluorescence microscopy, we could detect the probe in punctuated dots in 

many cells, which is the typical Golgi shape in S. cerevisiae. However, in some 

cells, the signal also exhibited the classical ER-like pattern, with a ring around 

the nucleus or alongside the cell periphery, or had the shape of vacuoles 
(Figure 17C). Given the heterogeneity of the signal, we inserted the construct 

within the his3 locus of the genome, as it is known that genomic integration 

often homogenizes the expression level of a protein of interest from cell to 
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cell (238). This strategy highly improved the homogeneity of the localization 

(Figure 17D) and therefore the robustness of the next measurements, but the 

fluorescent level was still weak. Our last improvement consisted of changing 
the promoter to enhance the fluorescent signal. We replaced the pSNA2 

promoter by a stronger constitutive promoter, namely pTPI. Compared to 

the plasmid expression system with pSNA2 promoter, these two last 

modifications increased the total fluorescent signal by a 2.5-fold, facilitating 

future pH determination (Figure 17A and B). For all the subsequent 

experiments in this study, we used the genome integrated pTPI-Mnn2-HA-

pHluorin** strains. In addition, when doing fluorescence measurements, we 

always subtracted the fluorescence background, which stands for 20 to 30% 

of the total fluorescent signal, as measured with cells transformed with 

empty plasmid (Figure 17A). 

 

c. The pH sensor localizes in the lumen of the cis- and medial-Golgi. 

To further confirm that the probe is correctly localized at the Golgi apparatus, 

we carried out subcellular fractionations on sucrose gradient and performed 

co-localization fluorescence microscopy with Golgi and endosomal markers. 
The fractionation pattern of the Mnn2-HA-pHluorin** protein expressed 

from the genome under pTPI promoter perfectly fits the fractionation of the 

Golgi Ca2+-Mn2+ ATPase Pmr1p. As Gdt1p and Pmr1p highly colocalize when 
analyzed by subcellular fractionation as well as by immunofluorescence 

microscopy (173, 206), we can conclude that the Mnn2-HA-pHluorin** pH 

sensor localizes in the same Golgi cisternae as Gdt1p. In contrast, the analysis 

of vacuolar, endoplasmic reticulum and plasma membrane markers 

demonstrate a distinct distribution profile for these organelles (Figure 18A). 

Then, Sed5p, Gos1p and Sec7p were respectively used as markers of the cis-, 

medial- and trans-Golgi for fluorescence microscopy. Note that those 

markers partly overlap during the maturation of the Golgi compartments (4). 

Endosomes detection relies on the endocytic marker FM4-64. We observed 

that the Mnn2-HA-pHluorin** construct mainly co-localizes with cis- and 

medial-Golgi markers and that a small fraction of the probe presumably also 

localizes further in the secretory pathway, within the trans-Golgi and the 

endosomes (Figure 18B). Quantification of the co-localization was 

performed on fixed cells using an object-based methodology (Figure 18C). 

For endosomal detection with FM4-64, the quantifications performed on 

fixed cells and with living cells gave very similar results (13.2% of co-

localization with fixed cells, 13.3% of co-localization with living cells). 

Therefore, only the imaging with fixed cells is represented in Figure 18B. 

Overall, the two localization experiments endorse that the chimeric Mnn2-

HA-pHluorin** protein localizes to the Golgi apparatus. 
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As a second step, we verified that the sensor is correctly oriented towards 

the lumen of the organelle, taking advantage of a protease degradation assay. 

After subcellular fractionation on sucrose gradient, Golgi-enriched fractions 
were incubated with proteinase K during 1 hour at 30°C (Figure 18D, 2nd 

lane). In parallel, an equivalent sample was incubated concomitantly with 

proteinase K and Triton X-100 to permeabilize the Golgi phospholipidic 

membrane (Figure 18D, 3rd lane). After the digestion was stopped with a 

mixture of protease inhibitors, these samples were analyzed by western 

blotting, compared together, as well as to the input (Figure 18D, 1st lane) and 

to a control of inhibitors efficiency (Figure 18D, 4th lane). Furthermore, 

Gdt1p cytosolic loop is completely degraded due to proteinase K proteolytic 

activity (Figure 18D, 2nd lane). Indubitably, the pHluorin is protected from 

proteinase K digestion by the Golgi lipid bilayer. Thereby, the sensor 
properly faces the Golgi lumen. 
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Figure 18. The pH sensor is localized in the cis- and medial-Golgi of S. cerevisiae. 
A. According to subcellular fractionation, the Mnn2-HA-pHuorin** pH probe expressed 

from the genome under the control of the pTPI promoter co-fractionates with Golgi 

marker. Cells expressing the genome integrated Mnn2-HA-pHluorin** construct were 

fractionated on a discontinuous 12.5 – 54% sucrose gradient. After ultracentrifugation, 

the fractions were collected and numbered from the top of the gradient and were analyzed 

by western blotting using antibodies against the sensor (α-GFP) or against Pmr1p (Golgi 

apparatus), Pma1p (Plasma membrane), Sec22p (Endoplasmic reticulum), or Prc1p 

(Vacuole). B. The Mnn2-HA-pHluorin** protein, expressed similarly than in panel A, co-

localizes mainly with cis- and medial-Golgi markers. Different Golgi markers were 

assessed by fluorescence microscopy – mRFP-Sed5p (cis-Golgi), mRFP-Gos1p (medial-

Golgi), Sec7p-mRFP (trans-Golgi) – and FM4-64 chemical dye was used for endosomes 

detection. Representative images of cells imaged by DIC, with GFP filter, with RFP filter, 

and merge of the two fluorescent channels. C. Co-localization performed in (B.) was 

quantified as the number of Mnn2-HA-pHluorin** positive structures that co-localizes 

with these markers compared to the total number of Mnn2-HA-pHluorin** positive 

structures, using an object-based approach (N = 12 pictures, 31-38 cells per condition, 

except for FM4-64 for which n = 8 pictures, 101 cells). Scale bars = 5 µm. Means and 95% 

confidence intervals are shown. D. A topology assay attests that the probe is facing the 

lumen of the Golgi apparatus. Golgi-enriched fractions obtained by subcellular 

fractionation on sucrose gradient were submitted to 1 µg/ml proteinase K during 1 hour 

at 30 °C. The first lane is the positive control corresponding to the input; the second lane 

is the topology test, wherein the Golgi vesicles are incubated with proteinase K; the third 

lane is a negative control, the Golgi vesicles being incubated simultaneously with 

proteinase K and 1% Triton X-100 to permeabilize the phospholipidic membranes; the 

fourth lane corresponds to the negative control to which PMSF and a mix of protease 

inhibitors have been added. Anti-HA primary antibodies were used to detect the Mnn2-

HA-pHluorin** construct. As a control, anti-Gdt1p antibodies detect the cytosolic loop of 

Gdt1p, which is degraded due to proteolytic activity.  
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d. In vivo calibration and determination of the Golgi pH. 

The original pHluorin responds to the surrounding pH in a range from 5.5 to 

8.0 (234). Despite the fact that the addition of the two mutations (F64L and 

M153R) separately does not strongly alter the pH-sensitive properties of the 

probe (236, 237), the combined addition of the two mutations could 
potentially distort the functionality of the sensor. Therefore, we performed 

an in vivo calibration of the probe by resuspending the cells in various pH 

buffers after permeabilization of both the plasma membrane and the Golgi 

membrane with 0.16% digitonin. By doing so, the blank corrected 

fluorescent spectra of the Mnn2-HA-pHluorin** protein perfectly responds 

to the surrounding pH, with opposite effects on the excitation at 400 or 

480 nm when the pH fluctuates (Figure 19A). By using the fluorescent ratio 

of emission at 507 nm after excitation at 400 and 480 nm and plotting it 

versus pH, the calibration is obtained (Figure 19B). The sensor is therefore 
suitable for in vivo determination of the pH within the Golgi lumen. 

 

 
Figure 19. In vivo calibration of the Golgi-localized pH sensor. 
A. In vivo calibration of the probe was performed. Cells expressing the sensor were 

permeabilized with 0.16% digitonin, followed by an incubation in citric acid – sodium 

hydrogen phosphate buffers at different pH, and their excitation spectra were measured 

with emission at 507 nm. The different excitation spectra of cells in pH buffers ranging 

from pH 5.4 to 7.8 are represented.  B. Calibration curve of the pH versus 400/480 nm 

excitation ratio. A four-parameter logistical curve (sigmoidal curve) has been drawn 

through the experimental measurements. N = 3-4. Calibration curve is represented with 

99% confidence interval. 

 

Cytosolic and Golgi pH measurements were performed in parallel using a 

cytosolic pHluorin (239) and our newly developed Golgi-localized probe. As 

expected, the Golgi pH of cells in exponential phase is more acidic than the 

cytosolic pH, with a pH value of 6.65 ± 0.05 for the Golgi lumen, while the 

cytosolic pH is 7.27 ± 0.05 (Figure 20A and B). This is consistent with the 

expected Golgi pH value (232, 240) and with some measurements performed 

in other organisms, such as tobacco and A. thaliana plants (241, 242) and 
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mammalian cells (243, 244). This value for the Golgi pH is consistent with 

the gradual acidification of the secretory pathway. Indeed, endoplasmic 

reticulum pH and vacuolar pH of S. cerevisiae cells fed with glucose in 
exponential phase are equal to 7.1 and ≤ 6.0, respectively (38, 41, 116). 

 

e. The V-ATPase is the main H+-transporter of the early Golgi and 

Vph1p isoform has predominant activity compared to Stv1p 
isoform. 

We measured the pH of the early Golgi in several strains deleted for different 

subunits of the V-ATPase. In the vma13Δ strain, Vma13p being the subunit H 

of the V-ATPase (245, 246), the Golgi lumen becomes near neutral (Figure 

20A). Indeed, the V-ATPase has completely lost its activity in this strain. This 

result supports that the V-ATPase is the main proton pump in charge of the 
acidification of the secretory pathway. It also ensures that the pH sensor is 

functional and correctly oriented towards the Golgi lumen. Simultaneously, 

the cytosolic pH exhibits the opposite trend, being more acidic in the absence 

of a functional V-ATPase – as measured in the vma13Δ strain – than in the 

wild type strain (Figure 20B) (41). 

In yeast, all the subunits of the V-ATPase have only one isoform, except for 

the subunit a of the V0 domain, which exists as two isoforms. Vph1p mainly 

localizes in the vacuole, while Stv1p is found in V-ATPase complexes of the 

Golgi apparatus and of endosomes (60-62, 117). Using the new Golgi pH 
probe, we show that deletion of STV1 only slightly increases the Golgi pH 

(Figure 20A). This corroborates phenotypic assays, protein sorting and 

glycosylation analysis performed previously (61, 164, 247). One explanation 

would be that the second isoform, Vph1p, that is several folds more 

expressed than Stv1p (61, 246), is sufficiently efficient to acidify the Golgi 

and the endosomes during its transit en route to the vacuole. In contrast, the 

deletion of VPH1 strongly increases the Golgi pH compared to the wild type 
strain, almost to the same level as the vma13Δ strain (Figure 20A). It suggests 

that Vph1p plays a major role for the acidification of the Golgi apparatus and 

it contradicts the classical model of Stv1p being the main V-ATPase subunit 
a in the Golgi apparatus. 

 



70 
 

f. The V-ATPase moderates pH fluctuations in the Golgi during a 

glucose pulse. 

It is well described that glucose availability influences the cytosolic pH (248-

250). Especially, when cells are starved of glucose, the cytosolic pH decreases 

to a considerably lower value. Added back in the external medium, the 
glucose is transported into the cell, glycolysis is activated, ATP is produced 

and the proton pumps will extrude protons out of the cytosol (41, 251). As 

expected, when we monitored the cytosolic pH of glucose starved cells 

during glucose re-addition, we observed first a transient extra acidification – 

presumably due to glycolysis which produces protons – followed by an 

alkalization to return to a near neutral pH value. This trend occurs similarly 

in the wild type and in the vma13Δ strain (Figure 20D), except that the final 

pH is slightly more acidic in the vma13Δ strain, consistently with the steady-

state pH measurements. 

If we monitor the Golgi pH during the same process, the curve follows the 

same trend, first with a transient acidification that appears a few seconds 

after glucose addition, followed by a pH increase (Figure 20C). We should 
stress the point that the amplitude of pH increase is much lower in the Golgi 

than in the cytosol. In the wild type strain, the Golgi pH only varies of 0.2 pH 

unit, while it varies of more than 1.2 pH unit in the cytosol during the same 

glucose stress. It can be explained by the activity of the V-ATPase which 

pumps protons towards the Golgi lumen. Moreover, it has been previously 

described that the Golgi V-ATPase complexes do not undergo dissociation in 

response to glucose starvation, on the contrary to the vacuolar V-ATPase 
complexes (55). Accordingly, the Golgi pH is kept relatively stable and does 

not experience the same alkalization as the cytosolic pH after glucose re-

addition. In comparison, the Golgi pH of vma13Δ varies of 0.6 pH unit, while 
the cytosolic pH of the same strain varies of about 1.0 pH unit. 

Altogether, it shows that the Golgi pH is correlated to its cytosolic 

counterpart. This could be due to weak acids and/or to proton channels and 

proton exchangers. Noteworthy, the Golgi pH fluctuations are milder than 

the ones that occur in the surrounding cytosol, suggesting that there are 

mechanisms keeping the Golgi pH value in its optimal range. In addition, it 
confirms that the V-ATPase is essential to continuously maintain acidic the 

Golgi pH, because its absence makes the Golgi much more responsive to 

cytosolic pH variations. 
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Figure 20. Golgi and cytosolic pH measurements at steady-state and during glucose 
pulse. 
 A. and B. Steady-state Golgi and cytosolic pH measurements of cells grown in synthetic 

medium buffered at pH 5.0 (50 mM MES (2-(N-morpholino)ethanesulfonic acid)). Cells 

were collected during exponential growth phase, resuspended in fresh medium and 

directly transferred into the fluorimeter for measurement. The fluorescent 

measurements were then converted into pH values thanks to in vivo pH calibration. N = 

4-9. Means and 95% confidence intervals are represented. C. and D. Golgi and cytosolic 

pH measurements of cells starved of glucose, to which glucose is added back. Cells were 

collected during exponential growth phase, washed, resuspended into synthetic medium 

lacking glucose and incubated during 30 min on ice, as performed in another study (39). 

Cells were then incubated during 5 min at 28 °C prior to fluorescence measurement. After 

120 sec of recording, glucose was added to the cell suspension at a final concentration of 

2% and the measurement was prolonged up to 600 sec. The fluorescence was recorded 

with alternate excitation at 400 and 480 nm and the resultant fluorescent ratio was 

converted into pH value. N = 3 for Golgi pH measurements, N = 5 for cytosol pH 

measurements. Means and ranges are represented. Note that the synthetic growth media 

used in those experiments contain 0.9 mM Ca2+ and 2.7 µM Mn2+. 
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3. Discussion 

Adaptation of probes for the Golgi lumen is not so straightforward 

In the secretory pathway, a large number of proteins are retained at their 

appropriate location thanks to a single transmembrane span. Even though 

the retention mechanisms are not fully understood, we can take advantage 

of this large pool of available targeting sequences to address proteins 

alongside the secretory pathway. In our hands, we could properly target 

different probes to the early Golgi lumen. Nonetheless, the correct 

localization was restricted to low expression systems. Indeed, when strongly 

expressed, we often faced mislocalization troubles, either because of ER 

retention of the constructs or due to escape of proteins towards the vacuole. 
Hence, the chimeric proteins had to be expressed with moderate and 

homogenous strength. The use of pGDT1 promoter in the centromeric yeast 

plasmids pRS315 or pRS416 generally led to expected localization, even 

though some protein retention within the ER does sometimes occur. 

Alternatively, the use of a stronger constitutive promoter, such as pTPI, 

combined to a genomic insertion of the construct, also commonly allowed for 

appropriate localization of the probes. Even though the preparation of 

strains with genomic modifications is more time-consuming, this latter 
strategy seems to us the best option to target probes in the yeast Golgi. 

Historically, many sensors dedicated to in vivo measurements of biochemical 

parameters were developed for the cytosol. At the exception of some 

chemical sensors that can enter cells via incorporation in endosomes, or of 
hydrophobic molecules that will accumulate in lipid bilayers, the genetically 

encoded probes, as all soluble proteins, are easily produced in the cytosol of 

cells. Therefore, researchers have succeeded to obtain sensors to monitor 

pH, Ca2+, Mg2+, Zn2+, Cl-, IP3, ATP, cAMP, nitric oxide, redox potential, 

molecular crowding, temperature, pressure and other parameters, in various 

organisms (252). 

When sensors are intended to organellar measurements, they have to be 

adapted to the presumed parameters they will encounter in the lumen of the 

specified organelle. In particular, the Ca2+ concentration is much higher in 

the ER of animal cells and in the vacuole of yeast than in their cytosol. 

Regarding the Golgi lumen, its Ca2+ concentration is unclear. Therefore, we 

tried to adapt several Ca2+-sensors with different Ca2+ affinities, such as 

different aequorin mutants or the GAP1 sensor, to perform measurements in 

the lumen of S. cerevisiae Golgi. Unfortunately, none of those attempts led to 

satisfying results. The reason for this is unclear. It could be that the folding 

of those probes within yeast ER is not optimal, maybe due to differences of 
biochemical properties and chaperones presence in between ER lumen and 
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cytosol, or that some biochemical parameters of the Golgi lumen – such as 

pH, ionic strength, or redox potential – does not allow for proper functioning 

of the sensors. 

Regarding the monitoring of Golgi pH, by taking advantage of the pHluorin, a 

GFP variant that was suitably used for Golgi pH monitoring in other 
organisms (69, 141, 241, 243, 244, 253-255) or for pH monitoring in other 

organelles in yeast (38, 70, 73, 116), we succeeded to perform accurate pH 

measurements in S. cerevisiae Golgi. Notably, sensor brightness and/or 

folding was improved thanks to two point mutations (38, 236, 237) and a 

correct subcellular localization was obtained via the fusion with an 

appropriate targeting sequence and thanks to cell to cell equalization of 

probe expression via genomic integration (238). This newly available probe 

can now be extensively used to decipher what are the pH determinants in the 

early Golgi. 

 

V-ATPase subunit a isoforms display unexpected roles for Golgi 
acidification 

Using our newly developed Golgi probe, we observed that the Golgi pH is 

surprisingly much more affected by the deletion of VPH1 than by the deletion 

of STV1. As Stv1p is commonly described as the subunit a isoform of the V-

ATPase localized in the Golgi and the endomembrane system while Vph1p 

reaches the vacuolar membrane, the opposite trend was expected (61). Of 

course, Vph1p, which is more expressed than Stv1p (61), transits via the 
secretory pathway to reach the vacuole and transiently co-localizes with 

Stv1p (56) and it has been previously suggested that Vph1p could already 

form a functional V-ATPase involved in the acidification of the Golgi 
apparatus (39). Here, our data highlight that Vph1p is actually the main 

player for the acidification of the Golgi lumen while Stv1p plays only a minor 

role for H+ pumping, at least when cells are exponentially growing. Hence, we 

can speculate that Stv1p could have more subtle roles at the Golgi, such as 
pH sensing, regulation of V-ATPase assembly, etc. 

 
Golgi pH fluctuations are more constrained than cytosolic pH fluctuations 

Another interesting observation is that, while the cytosolic pH is strongly 

affected by glucose availability, the Golgi pH is kept quite stable regardless 

glucose concentration in the external medium. Hence, the amplitude of pH 

changes is lower in the Golgi than in the cytosol, with an increase of 1 pH unit 

in the cytosol, while there is only 0.2 pH unit increase in the Golgi lumen 

(Figure 20C and D). This is probably due to H+ transporters that keep the 
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Golgi acidic compared to the cytosol. Golgi pH maintenance is highly due to 

the presence of the V-ATPase, as Golgi pH fluctuations are 3-fold higher in 

the vma13Δ strain than in the WT. 

It is known that vacuolar localized V-ATPase complexes undergo dissociation 

after glucose deprivation, while Golgi and endosomal Stv1p-containing V-
ATPase complexes do not dissociate (55, 56, 62). Therefore, V-ATPase 

complexes specifically located in the Golgi apparatus could promptly pump 

protons towards the Golgi lumen after glucose re-addition. As a result, the 

secretory pathway functionalities would be very quickly recovered when 

cellular metabolism awakens. The direct in vivo measurement of Golgi pH 

was the best demonstration of this characteristic and it strengthens the fact 

that a robust Golgi pH control is critical for the cell. 
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« There are two possible outcomes: 

If the result confirms the hypothesis, then you’ve made a measurement. 

If the result is contrary to the hypothesis, then you’ve made a discovery. » 

Enrico Fermi 

 

 

 

CHAPTER 2 

GDT1P TRANSPORTS H+ IONS AND IS A 

STAKEHOLDER OF GOLGI PH HOMEOSTASIS 

 

 

1. H+ ions are realistic substrates of Gdt1p 

Up to now, most of the studies related to the yeast Gdt1p and its orthologs 

have pointed out Ca2+ and/or Mn2+ transport activity or some implication in 

the homeostasis of those cations (179). In several papers, it was suggested 

that the transport of Ca2+ and Mn2+ could take place against their 
concentration gradient, and the influence of GDT1 family members on pH 

homeostasis has been highlighted in various biological contexts, in human, in 

yeast or in plants (80, 90, 171, 182, 183). However, in all aforementioned 

studies, the proton transport activity has never been directly recorded and 

one cannot exclude that those pH perturbations derive from other 

dysregulations, since the Ca2+ cation is a well-known secondary messenger 

and that Mn2+ cations serve as cofactor for various enzymes, in addition to 

play roles in redox regulation (200, 256, 257). 
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2. Development of a heterologous expression system for 

Gdt1p H+ transport investigation 

A heterologous expression system using L. lactis as a bacterial host was 

previously used in our laboratory to measure Ca2+ and Mn2+ influx mediated 

by Gdt1p (91, 92). Now, we took advantage of the same strategy to assess H+ 

transport. Gdt1p was expressed in bacteria via an inducible expression 

system, GDT1 gene being under the control of the nisin inducible promoter. 

To measure the intracellular pH, a genetically encoded superfolder-pHluorin 

variant named sfpHluorin (38) was concomitantly expressed in L. lactis using 

the same expression system. This sfpHluorin variant is the combination of 

the original pHluorin (234) with a superfolder GFP more prone to fluoresce 

in oxidizing environments than other GFP variants (258). Interestingly, the 

sfpHluorin contains two mutations (F64L and M153T) that are similar to the 

ones we selected (F64L and M153R) for the development of a Golgi-localized 

sensor for S. cerevisiae, as described in the first chapter of this section. 

 The expression level of both Gdt1 and sfpHluorin proteins was checked by 

western blotting, confirming that both were correctly expressed after nisin 

addition (Figure 21A). A noticeable observation is that sfpHluorin 

production is not equal when co-expressed with Gdt1p or when expressed 

alone in the control strain, especially in non-induced condition. The same 

statement is also true for Gdt1p production. Even if the exact reason for this 

is not clearly determined, we can speculate that the presence of an intergenic 

sequence in between the two coding sequences, by forming an “operon-like” 

system, could ease the binding or the release of ribosomes on the 

corresponding mRNA, and/or could affect the transcriptional regulation of 
the whole system. 

Hopefully, it is not required to get the same sfpHluorin expression level in 

the different strains since pH values assessments are calculated in a 

ratiometric manner from the excitation spectra. Per contra, blank 

measurements were systematically recorded and subtracted in order to 

accurately infer the internal pH from deduced fluorescent spectra (Figure 

21B). In such a way, the specific fluorescence excitation spectrum of 

sfpHluorin becomes clearly apparent and is cleaned from fluorescent 

background coming from molecules of the growth medium, prior to further 

calculation. In parallel, by doing an in vivo calibration with different pH 

buffers and H+/K+ nigericin ionophore to equilibrate internal with external 

pH, we made sure that the sensor properly responds to pH (Figure 21C 
and D). 
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Figure 21. Setting up the parameters for intracellular pH measurements in L. lactis 
with sfpHluorin. 
 A. L. lactis cells are used as a tool to express Gdt1p at the membrane together with the 

sfpHluorin pH-sensor in the cytosol of the cell. Protein expression is induced by the 

addition of nisin for two hours in the culture medium. Comparison of non-induced (NI) 

and induced (I) cells expressing only GDT1, only sfpHluorin or both proteins (GDT1 + 

sfpHluorin). The sfpHluorin protein is detected by α-GFP antibodies, Gdt1p by α-Gdt1p 

antibodies and the loading control consists of an undetermined endogenous protein 

detected by α-Gdt1p antibodies. B. Excitation spectra of L. lactis cells not expressing the 

sfpHluorin (Blank), expressing the sfpHluorin alone (sfpHluorin), or together with GDT1 

(GDT1 + sfpHluorin), after induction of the proteins of interest. The emission intensity is 

measured at 507 nm during excitation from 350 nm to 490 nm. For all further graphs, the 

blank was systematically measured and subtracted before pH calculations. 

C. Representative calibration experiment. Cells expressing the sfpHluorin were collected, 

washed twice and distributed in 2 ml microtubes. Cells harvested two hours after 

induction were washed, resuspended in different pH buffers, and nigericin was added at 

a final concentration of 0.5 µg/ml in order to permeabilize the membrane for H+ and for 

K+. Blank subtracted spectra are represented. The 390 and 470 nm excitation peaks 

(dashed lines) are highlighted, since they are used for ratio calculation and conversion 

into pH values. D. Calibration curve of the sfpHluorin expressed in L. lactis. Cells were 

treated similarly than in panel (C.). After blank subtraction (cells devoid of sfpHluorin), 

the 390/470 nm excitation ratio (with emission recorded at 507 nm) is plotted against 

pH. A 4-parameters sigmoidal curve is drawn through experimental data. N = 4, standard 

curve is represented with 99% confidence interval. 
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3. Gdt1p conveys H+ against Ca2+ and Mn2+ cations 

through biological membranes 

a. Gdt1p mediates H+ transport across biological membranes 

With this effective tool, in vivo internal pH measurements were then 

performed. The initial intracellular pH measured in L. lactis (Figure 22A and 

C) is coherent with pH values reported previously in the literature, which 

were in between 7.3 and 8.2 for various lactic acid bacteria and about 7.8 for 

L. lactis (259, 260). Strikingly, the intracellular pH is lower in Gdt1p-

expressing cells than in control cells at the beginning of our experiments. As 

the washing buffer contains EGTA, there will probably be a in to out [Ca2+] 

gradient. The intracellular [Ca2+] is commonly estimated in between 100 and 

300 nM in bacteria (261, 262) – but is possibly higher in Gdt1p-expressing 

cells (91) –, while the free extracellular [Ca2+] is estimated at 0.7 nM in the 

washing solution (Maxchelator Ca-EGTA Calculator v1.2, parameters set at 
28 °C, pH 7.4, ionic strength 0.2 N, 10 µM total Ca2+ - estimation based on ICP-

AES measurements performed by Anne-Sophie Colinet in our lab –, 1 mM 

EGTA). Hence, if Gdt1p exchanges Ca2+ for H+ ions, Ca2+ efflux will trigger the 

acidification of L. lactis cytosol prior to pH recordings. This is in line with our 
initial hypothesis. 

After recording the basal pH during 60 seconds, 10 mM of NaOH was added 

in the extracellular medium and the intracellular pH was monitored for 4 

additional minutes (Figure 22A). This addition creates a in to out [H+] 

gradient and protons are inclined to exit the cell to equilibrate on either side 

of the membrane. Remarkably, the intracellular pH of cells expressing Gdt1p 

is modified in a higher amplitude and at a faster speed than control cells 

(Figure 22B). As the initial pH was not similar in GDT1-expressing cells and 

in control cells, we also conducted measurements in which we pre-treated 

control cells by the addition of 10 mM HCl in the extracellular medium. After 

4 minutes incubation, the internal pH reaches the same value as GDT1-

expressing cells. Then, the subsequent addition of NaOH (+ 20 mM to control 

cells, + 10 mM to GDT1-expressing cells) leads again to a faster alkalization 

in GDT1-expressing cells (Figure 22C). 

In order to monitor putative protons influx, we also imposed an opposite 

gradient by the addition of HCl to L. lactis cell suspension and still recorded 

internal pH over time. At first, the decrease of the internal pH appears similar 

in control and GDT1-expressing cells (Figure 23A), but the quantification of 

pH decrease after HCl addition reveals a GDT1 specific effect (Figure 23B). 

However, similarly to the previous experiment, after reaching the same 

initial pH in both strains by the addition of extracellular HCl, the subsequent 
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application of an identical acidic external pH – by adding a concentrated pH 

buffer at value 6.0 – highlights that GDT1-expressing cells convey protons 

more easily than control cells (Figure 23C). Together, those experiments are 
the first direct evidence that Gdt1p is able to transport protons through 

biological membranes. 

 

 
Figure 22. Gdt1p exports H+ through the membrane of L. lactis. 
L. lactis cells were grown in M17 broth with 1% glucose, exogenous protein expression 

was induced for two hours by the addition of nisin, an equal amount of cells was collected, 

and cells were washed with a buffered solution (100 mM KCl, 1 mM EGTA, 1 mM MgCl2, 

20 mM MOPS pH 7.4) before the beginning of pH recordings. A. Intracellular pH 

measurements over time of GDT1 expressing cells (GDT1 + sfpHluorin) and a negative 

control (sfpHluorin (C-)) after extracellular alkalization by the addition of sodium 

hydroxide (NaOH) at a concentration of 10 mM. This generates a H+ gradient with lower 

external [H+] compared to the intracellular [H+]. Then, the internal pH was monitored 

during 4 additional minutes. N = 3 to 6, error bars represent SD. B. Quantification of pH 

increase at different time points (+ 30 sec, + 60 sec, + 120 sec, + 180 sec) compared to the 

pH recorded during the first 60 seconds of the measurement, prior to sodium hydroxide 

addition. N = 3 to 6, error bars represent SD. Mixed-effects model statistical analyses with 

multiple comparison via a Bonferroni test. C. In order to start from a similar internal pH 

for both strains, 10 mM of HCl was first added to the negative control (sfpHluorin (C-)). 

About four minutes later, alkalization of the extracellular medium was performed. NaOH 

was added to both cell populations, 10 mM was added to GDT1 + sfpHluorin expressing 

cells and 20 mM to the negative control, in order to neutralize the HCl and to reach the 

same final external pH. N = 5, error bars represent SD. The final value was statistically 

analyzed with an unpaired t-test. 
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Figure 23. Gdt1p also imports H+ through the membrane of L. lactis. 
Same experimental procedure as in Figure 22, except that the extracellular medium was 

acidified during pH recording by the addition of HCl or MES buffer pH 6.0. A. Intracellular 

pH measurements over time of GDT1 expressing cells (GDT1 + sfpHluorin) and a negative 

control (sfpHluorin (C-)) after extracellular acidification by the addition of hydrochloride 

(HCl) at a concentration of 10 mM. This generates a H+ gradient with higher external [H+] 

compared to the intracellular [H+]. Then, the internal pH was monitored during 4 

additional minutes. N = 5 - 6, error bars represent SD. B. Quantification of pH decrease at 

different time points (+ 30 sec, + 60 sec, + 120 sec, + 180 sec) compared to the pH 

recorded during the first 60 seconds of the measurement, prior to HCl addition. N = 5 - 6, 

error bars represent SD. Mixed-effects model statistical analyses with multiple 

comparison via a Bonferroni test. C. In order to start from a similar internal pH for both 

strains, 10 mM HCl was first added to the negative control (sfpHluorin (C-)). About four 

minutes later, acidification of the extracellular medium was performed for both samples. 

The extracellular pH was set up at pH 6.0 by the addition of MES buffer at a final 

concentration of 50 mM. N = 6 - 7, error bars represent SD. The final value was statistically 

analyzed with an unpaired t-test. 
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b. The pH gradient influences Ca2+ and Mn2+ Gdt1p transport 

activity 

As protons are thought to be the counterions of Ca2+ and Mn2+ during Gdt1p-

mediated transport activity, a variation of the pH gradient across 
phospholipidic membrane should influence the transport of those two 

cations as observed for other H+/Ca2+ antiporters (178, 263). Regarding 

Gdt1p, this assumption has already been assessed previously for Ca2+ (91). 

Here, we highlight that both Ca2+ and Mn2+ transport activities are affected 

by the H+ gradient. To do so, Ca2+ and Mn2+ import was measured thanks to 

Fura-2, as previously performed in our laboratory. Shortly, L. lactis cells were 
incubated with the esterified Fura-2-AM, which is able to cross membranes. 

Once into the cell, intracellular esterases will hydrolyze the ester function of 

the molecule resulting in a charged form of Fura-2 that is consequently 

trapped into the cell. Internal Ca2+ concentration is then measured in a 

ratiometric manner, with two excitation peaks at 340 and 380 nm that are 

inversely affected by the Ca2+ concentration. Mn2+ import into the cells can 
also be detected thanks to Fura-2 because its fluorescence is quenched by 

this cation. At 360 nm, the isosbestic point of the spectrum, the quenching by 
Mn2+ is independent from the Ca2+ concentration. 

We performed Ca2+ and Mn2+ transport measurements with cells incubated 

in buffers at pH 6.8, 7.5 and 8.0. For both calcium and manganese, we observe 

that the higher the external pH, the more intense the cation import (Figure 
24A and C). We can speculate that this is the direct consequence of the proton 

gradient that favors H+ efflux when the external pH increases. Therefore, if 

Ca2+ and Mn2+ are transported in exchange for H+, the influx of those cations 
would happen quicker when the efflux of H+ is facilitated. Notably, in Ca2+ 

measurements, the initial slopes appear similar whatever the extracellular 

pH, while initial slopes differ in Mn2+ measurements. This maybe results from 

the different KM of Gdt1p for the two cations (KM for Ca2+ is 15.6 µM, KM for 

Mn2+ is 83.2 µM (92)). Henceforth, Ca2+ transport could occur at maximum 

velocity when 25 µM CaCl2 is added in the extracellular medium, while Mn2+ 

transport would occur at submaximal velocity. Nevertheless, the final 
intracellular Ca2+ and Mn2+ concentrations diverge according to the 

extracellular pH value, indicating that the thermodynamic equilibrium state 

depends on the pH gradient in a Gdt1p-dependent manner. 
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As controls, cells non-expressing Gdt1p were measured similarly. The basal 

transport activity recorded with those cells is not modified by changes of the 

external pH. Also, the addition of nigericin that dissipates the H+ gradient 
across L. lactis membrane results in a similar transport activity in all assays 

whatever the external pH (Figure 24B and D).  It confirms that the proton 

gradient itself is a parameter able to modulate Ca2+ and Mn2+ Gdt1p transport 
activity. 

 

 

 

Figure 24. Ca2+ and Mn2+ Gdt1p-mediated influx is affected by the pH gradient. 
L. lactis cells were grown, induced, and collected as in Figure 22. Then, cells were treated 

to incorporate Fura-2. Finally, they were washed twice with a washing buffer (100 mM 

KCl, 1 mM MgCl2, 1 mM EGTA, 50 mM Tris at pH 6.8, 7.5 and 8.0) and finally resuspended 

in the corresponding buffer devoid of EGTA but previously passed through a calcium 

sponge resin to reduce as much as possible the free Ca2+ concentration. A. and C. Time-

course Ca2+ and Mn2+ measurements of cells producing Gdt1p (C+) were performed at 

different extracellular pH, respectively pH 6.8, 7.5 and 8.0. Ca2+ influx is provoked by the 

addition of 25 µM CaCl2 in the extracellular medium and is deduced from the calculation 

of the 340/380 nm excitation ratio, while 10 µM MnCl2 is added to produce Mn2+ influx 

that is corroborated to quenching during excitation at 360 nm. The Fura-2 fluorescence 

emission is invariably recorded at 510 nm. A negative control (C-) is also performed with 

cells that do not express Gdt1p. N = 3, error bars represent SD. B. and D. To neutralize the 

pH gradient, H+/K+ nigericin ionophore is added to the cell suspension at a concentration 

of 0.5 µg/ml 2 minutes before the addition of Ca2+ or Mn2+ and the cation influx 

measurement is performed as previously. N = 3, error bars represent SD. Experiments 

presented in this figure were performed by Louise Thines. 
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c. Gdt1p operates as a Ca2+-Mn2+/H+ exchanger 

In a similar manner as in previous experiments, L. lactis cells were used for 

Gdt1p expression. Then, in order to straightforwardly measure Ca2+ or Mn2+ 

exchange with H+, we measured the extracellular pH during Ca2+ and Mn2+ 

influx with a classical pH-meter. If there is some exchange activity, the entry 
of Ca2+ or Mn2+ should trigger an efflux of H+ and therefore induce an 

acidification of the external medium. Because the internal pH is presumably 

highly buffered by a large number of weak acids and bases (264) and by 

several control mechanisms involving the sensing of internal pH and the 

activation of various H+ pumps (240), the occurrence of internal pH changes 

needs quite strong driving forces, e.g. as performed in Figure 22 and Figure 

23. Here, by resuspending the cells into a non-buffered solution, we facilitate 

the detection of external pH variations. By adding 20 mM CaCl2 or 20 mM 

MnCl2 in the extracellular medium, we first observe a pH drop that is similar 

for both strains (Figure 25A and B). This could be due to the Lewis acid 

properties of Ca2+ and Mn2+, that will acidify the solution. After this initial pH 

drop, the external pH continues to decrease, but in a different manner for 

both strains. Indeed, the external pH decreases faster in cells expressing 
Gdt1p than in control cells (Figure 25A and B). This probably reflects the 

Ca2+-Mn2+/H+ exchange activity mediated by Gdt1p. 

 

 

Figure 25. Exchange of H+ against Ca2+ and Mn2+ cations is mediated by Gdt1p. 
The extracellular pH of L. lactis cells expressing Gdt1p or transformed with an empty 

plasmid is recorded during the addition of Ca2+ or Mn2+ in the extracellular medium. Cells 

collected by centrifugation are washed with a low concentrated pH buffer (1 mM Tris pH 

7.0). Then, the extracellular pH is recorded over time via a pH-meter. After recording the 

baseline for 2 minutes, A. 20 mM CaCl2, or B. 20 mM MnCl2 is added in the extracellular 

medium and the measurement is continued up to 30 minutes. Data are presented as 

normalized to the initial pH value of each curve that is set to zero, in order to underscore 

pH variations. When applicable, mean and SD are represented. 
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4. In S. cerevisiae, the impact of Gdt1p on Golgi pH 

homeostasis is revealed during pH fluctuations 

a. Steady-state pH values are not substantially regulated by Gdt1p 

in S. cerevisiae 

The previous measurements were performed in a heterologous expression 

system. It is remarkably suitable to measure direct transport activities, but it 

does not unveil the physiological function of Gdt1p in its natural 

environment. As a H+ transporter localized at the Golgi membrane, Gdt1p 

could potentially affect both cytosolic and Golgi pH. Therefore, we monitored 

the pH in those two subcellular compartments via the expression of the 

original pHluorin (234) in the cytosol and thanks to the pHluorin variant 

targeted to the Golgi lumen that we developed during the first part of this 
thesis. 

When cells are cultivated in synthetic medium and collected during 

exponential growth for direct pH measurement, the deletion of GDT1 does 

not affect the cytosolic pH compared to the WT strain (Figure 26A). It is not 
totally unexpected, since many other transporters are operating H+ import 

or export, from and to the cytosol (240). Accordingly, the alteration of one of 

the major pH regulators – the V-ATPase – by disrupting VMA13, leads to a 

slight acidification of the cytosol (Figure 26A). It was expected since less 
protons are extruded out of the cytosol in this strain. 

Besides, Golgi pH measurements disclose that GDT1 deletion does not 

substantially affect the luminal Golgi pH either (Figure 26B). It means that in 

normal conditions, Gdt1p Ca2+-Mn2+/H+ exchange activity is not a 

predominant driver of Golgi luminal acidification. This role is probably 

mostly fulfilled by the V-ATPase alongside the secretory pathway 

acidification, since the Golgi pH becomes almost neutral in the vma13Δ strain 

(Figure 26B). Then, we wondered whether the inactivation of this H+ pump 
could uncover Gdt1p activity. Both for cytosolic pH and for Golgi pH, the 

concomitant deletion of GDT1 and VMA13 does not change steady-state pH 
values compared to VMA13 deletion alone (Figure 26A and B). 

Eventually, Golgi pH measurements performed in various strains combining 

GDT1 deletion with PMR1, VCX1, STV1 or VPH1 deletion did not further reveal 

the physiological role of Gdt1p for pH homeostasis (Annex 1). Altogether, 
those measurements indicate that the acidification of the Golgi lumen during 

exponential growth is not the main physiological role of Gdt1p. 
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b. During physiologic pH modifications, Gdt1p participates in the 

homeostasis of the Golgi pH 

Traditionally, exchangers and symporters are described as having a high 

velocity, while pumps can produce larger concentration gradients, but in a 

slower fashion. Therefore, the co-existence in the same biological membrane 
of transporters with common substrates but different transport mechanisms 

makes sense, in order for cells to be able to rapidly transport a large amount 

of substrate at first, followed by a slower recovery of the resting state 

displaying expanded concentration gradients. Furthermore, secondary 

transporters and ATPases having different driving force, they can perform 

transport in different physiological status, which seems advantageous for 

cells to maintain homeostasis.  For example, this system is well described 
with two yeast vacuolar Ca2+-transporters, Pmc1p and Vcx1p (265). 

Here, we hypothesize that Gdt1p could be important for cells to rapidly react 

during intracellular pH changes in complement to the predictably slower V-

ATPase. A well-known procedure that triggers cytosolic pH fluctuations is 

the glucose deprivation – glucose addition process (53, 250). Cells deprived 
of carbon source slowly acidify the cytosol during 30-60 minutes. If glucose 

is added back to the growth media, it is rapidly imported into the cell and the 

glycolysis restarts. It provokes a transient additional acidification of the 

cytosol, possibly due to the production of H+ by glycolysis, and then the 

increase of ATP concentration activates H+-ATPases to pump protons outside 

of the cytosol. When performing such a process in the gdt1Δ strain and 

continuously recording the cytosolic pH, one could observe that the trend is 
very similar to the WT strain (Figure 26C). The only substantial change is a 

delay for gdt1Δ cells to recover their steady-state cytosolic pH, compared to 

the control strain (Figure 26D). This is possibly due to slight changes of the 
Ca2+ signalling occurring after glucose addition (266, 267). 

By recording the Golgi pH during an identical procedure (Figure 26E), we 

observe curves with the same shape. Basically, fluctuations of the Golgi pH 

are a “copy-paste” of the cytosolic pH fluctuations. When comparing the Golgi 

pH fluctuations of WT and gdt1Δ strains, we observe that the Golgi pH 

reaches a higher value in the gdt1Δ strain than in the WT strain at the end of 
the recovery. This observation strongly suggests that Gdt1p participates in 

the pumping of protons towards the Golgi lumen, as does the V-ATPase, 

during those pH fluctuations. 

Unexpectedly, when GDT1 was deleted in the vma13Δ background, there was 

no significant change of Golgi pH fluctuations compared to the VMA13 

deletion alone (Annex 2). It may be that V-ATPase inactivation causes severe 
physiological disturbances and hence modifies the normal functionality of 
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the Golgi. Besides, we also looked at Golgi pH fluctuations in vcx1Δ and 

vcx1Δgdt1Δ strains. Vcx1p is a Ca2+/H+ exchanger located at the vacuolar 

membrane and possesses several similarities with Gdt1p (207, 265, 268). 
Interestingly, the recovery takes a longer time in those strains than in the 

WT. Again, GDT1 deletion is characterized by some further delay for pH 

recovery, and the pH value reached at the end of the measurement is higher 
when Gdt1p is not expressed (Annex 3).  
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Figure 26. Gdt1p affects the Golgi pH during fluctuations. 
A. and B. Cytosol and Golgi pH measurements in steady-state growth conditions. WT, 

gdt1Δ, vma13Δ and vma13Δ/gdt1Δ strains expressing cytosolic and Golgi pH probes were 

cultivated in synthetic media buffered at pH 5.0 (50 mM MES) and collected during mid-

log phase for direct pH measurements.  N = 7 to 14, error bars represent SD. Anova 

statistical analyses (Tukey test). C. Cytosol pH measurements during glucose deprivation 

/ re-addition time-course assay. Cells were grown to mid-log phase in synthetic media 

buffered at pH 5.0 (50 mM MES), collected and washed 3 times in glucose deprived 

medium. After 30 minutes incubation on ice, cells were used for fluorescence 

measurement. The baseline was recorded during 2 minutes, then glucose was added to a 

final concentration of 2 % and the cytosolic pH was measured during 7 additional 

minutes. N = 3 for gdt1Δ strain and N = 7 for the WT strain. Means and SD are represented. 

The last point of the time-course measurement, at 550 sec, was considered for statistical 

analysis by a t-test. D. Quantification of cytosolic pH at different time points before (-30 

sec) and after (+ 45 sec to + 400 sec) from the experiment presented in (C). Two-way 

Anova statistical analysis Anova (Bonferroni’s multiple comparisons test). E. Golgi pH 

measurements performed during the same procedure as described in (C). N = 3, means 

and SD are represented. The last point of the time-course measurement, at 550 sec, was 

considered for statistical analysis by a t-test. 
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5. Discussion 

Gdt1p H+ transport activity demonstration is a key step for function 

elucidation 

Thanks to L. lactis heterologous expression system, proton transport activity 

mediated by Gdt1p could be investigated. At first, the application of proton 

gradients across cytoplasmic membrane causes faster intracellular pH 

changes in GDT1-expressing cells than in control cells. Actually, the 

imposition of pH gradients in the two directions, in to out or out to in, both 

show an effect of Gdt1p expression on H+ permeability. Moreover, the 

magnitude of proton transport seems comparable in both directions. At least 

two different reasons could explain it. If we consider unidirectional transport 

mediated by each individual protein, one explanation is that part of the 

protein is oriented with one topology and part with the opposite topology. 
However, membrane proteins usually display a preferential topology in 

accordance with the positive inside rule, both in prokaryotes and in 

eukaryotes (269). Gdt1p displays enrichment in lysines and arginines on one 

side of its predicted transmembrane domain and was therefore predicted to 

adopt one specific topology in the yeast Golgi membrane. This has been 

demonstrated in our lab by a protease degradation assay (2). Therefore, it 

would be surprising to get a relatively equal distribution of proteins with 

each topology in L. lactis cytoplasmic membrane. The second explanation is 

that Gdt1p could transport protons either in one or the other direction, 

according to the pH gradient that is applied across the membrane. Secondary 
transporters, as all enzymes, are catalyzers of biochemical reactions. Their 

role is to fasten the reaching of thermodynamic equilibrium, but they do not 

dictate the direction of it and they can theoretically operate in both ways. Of 

course, in biological systems, the direction of operability is usually driven by 
the concomitant concentration of substrates and products, or by the 

concentration of transported molecules at both sides of a biological 

membrane in the specific case of membrane channels and transporters. By 

using a heterologous expression system and by applying concentration 

gradients of the different transported molecules with a sufficient amplitude, 

we can here observe reversible transport activity of Gdt1p. 

Though, the expression of an exogenous membrane protein could 

hypothetically increase the permeability of phospholipidic membranes for 

charged molecules, or could deregulate endogenous membrane 

transporters. Especially, since control cells already show inherent proton 

transport activity, this possibility is even more plausible. Therefore, we 

performed measurements with another methodology, where the transport 
activity of one substrate is modulated or initiated by the concentration 

gradient of its putative counterion. This is decisive to demonstrate Gdt1p 
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mediated proton transport activity. On one side, the larger the in to out 

proton gradient, the faster the Ca2+ or Mn2+ influx. On the other side, 

application of Ca2+ (or Mn2+) out to in gradient induces protons efflux. Taken 
together, these data strongly suggest that Gdt1p conveys H+ in exchange for 

Ca2+ and Mn2+ cations. 

Gdt1p H+ transport activity does not continually generate Golgi 

acidification 

In order to clarify the physiological role of Gdt1p in its normal location, i.e. 

the Golgi membrane of S. cerevisiae, it is crucial to measure its activity in its 

native environment. Therefore, we measured the pH of the cytosol and of the 

Golgi lumen thanks to suitable pHluorin variants in various conditions. 
Curiously, GDT1 deletion does not significantly impair physiological steady-

state pH values, neither in the cytosol, nor in the Golgi. As there are other 

important pH regulators, such as the V-ATPase which is the main protein 

acting to acidify the secretory pathway (50, 270), Gdt1p is probably 

dispensable for Golgi acidification in favorable growth conditions.  

However, when a quick response and a high rate of H+ transport is required, 

the presence of a secondary transporter could be beneficial for the cell, since 

transport velocity of secondary transporters is usually higher than that of 

ATP-driven transporters. In yeast, pH homeostasis is intricate to glucose 

availability. When recording cytosol and Golgi pH during a glucose 

deprivation – re-addition experiment, it is striking that pH fluctuations in the 

Golgi mimics the fluctuations that occur in the cytosol. Still, some dedicated 
H+ transporters have to maintain a relative acidity within the Golgi lumen, 

especially once glucose is again available. While the V-ATPase is 

predominant for Golgi acidification, Gdt1p participates in such a process. 
Especially, when the cytosolic pH increases steeply after glucose re-addition, 

the increase of the Golgi pH is rapidly restrained. The deletion of GDT1 

mitigates this restriction, since the final Golgi pH value attained in the gdt1Δ 

strain is significantly higher than the one of the WT.
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« Le rassurant de l'équilibre, c'est que rien ne bouge. Le vrai de 

l'équilibre, c'est qu'il suffit d'un souffle pour tout faire bouger. » 

Julien Gracq 

 

 

 

CHAPTER 3 

INVESTIGATION OF THE MECHANISMS 

REGULATING GDT1P ABUNDANCE 

 

Some of the experiments presented hereafter were performed by Guillemette 

van Raemdonck and Quentin Lejeune. They both did their master thesis on 

research topics related to the regulation of Gdt1p, under my co-supervision 
with Prof. Morsomme. Where applicable, it will be explicitly mentioned. 

 

 

1. The basis of protein degradation 

Biological organisms live in continuously changing environment. Also, 

during their lifespan, organisms have to adapt their molecular composition 

to ensure all required functions. As proteins are the molecular machines that 
perform most of the biomolecular tasks of living organisms, cells developed 

various strategies to produce or activate proteins when appropriate, or, on 

the contrary, to inhibit or deactivate those molecular machines when 
necessary. 

Regarding protein degradation, the first breakthrough in its comprehension 

arises when Christian De Duve and colleagues described the lysosome, a 
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particular organelle dedicated to the recycling and the storage of a large 

number of chemicals. The vacuole of yeasts and plants functionally 

corresponds to the lysosome of metazoans. The second well-known 
degradation machine is the proteasome. It is a huge protein complex 

composed of many subunits, and is mostly, but not solely, dedicated to the 

degradation of cytosolic proteins. 

Thereupon, cells can trigger the degradation of proteins in several ways. At 

one extremity, autophagy is a bulk degradation process that collects large 

quantities of proteins and even entire organelles. At the other extremity, 

some degradation processes are extremely accurate in terms of specificity. 

For example, plasma membrane proteins, when intended for degradation, 

are usually specifically subjected to ubiquitylation. Then, they are specifically 

retrieved from the plasma membrane by endocytosis and later routed to the 

vacuole/lysosome. The degradation of plasma membrane proteins is of 

critical importance and has been substantially studied, because cells 

commonly face large changes of the extracellular chemical composition. In 

the cytosol, proteins intended for degradation are also commonly 

ubiquitinated before getting degraded by the proteasomal machinery. Newly 
synthetized proteins in the ER are controlled by a specific mechanism. If 

misfolded, proteins enter the endoplasmic reticulum-associated protein 

degradation (ERAD) process. In this procedure, selected proteins are 

retrotranslocated from the ER and sent to the proteasome. Eventually, the 

knowledge and the comprehension of degradation mechanisms implicated 

in the specific regulation of organelle resident proteins is much less 

extended. 

2. Little is known about the degradation of Golgi proteins 

Golgi-resident proteins abundance should also be controlled via some 

degradation processes. Standing in the center of the secretory pathway, 

where retrograde and anterograde fluxes interplay, they could potentially 

end up either at the proteasome, or in the vacuole. To date, little is known 

about it and no general model has been drawn regarding the control of Golgi-

resident proteins. However, in recent years, a few research groups studied 

degradation routes for some proteins of the Golgi. Among the mechanisms, 

the Golgi membrane-associated degradation (GOMED) pathway performs 

Golgi degradation in a bulk manner, similarly to autophagy but 

independently of it (271). Regarding specific protein degradation, it was 

shown on one hand that protein oligomerization in the Golgi, by mimicking 

protein aggregation, induces its own trafficking to the vacuole/lysosome 

(272, 273). On the other hand, unfolded proteins in the Golgi can follow the 

ERAD pathway to be degraded (273), or a similar endosome and Golgi-
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associated degradation (EGAD) pathway (274). Proteasomal degradation 

seems also involved in the global organization of the Golgi, in animal cells 

(275). Eventually, some ubiquitin ligases and a set of adaptors, such as the 
transmembrane ubiquitin ligase Tul1p (276) or the Golgi clathrin adaptors 

Gga1p and Gga2p (31, 277), are Golgi localized and could exert some role for 

the degradation of Golgi proteins, but their exact function is not clear yet. 

Altogether, many questions related to Golgi protein degradation remain 

unsolved. 

3. Gdt1p is regulated by modifications of Ca2+ and Mn2+ 

distribution 

As stated in the introduction, it was observed in our laboratory that Gdt1p 

abundance is reduced in a strain devoid of PMR1, the Ca2+-Mn2+ ATPase of 

the Golgi apparatus. However, it is not clear whether Gdt1p could directly 

interact with Pmr1p in the Golgi, and therefore be potentially stabilized by 
such interaction, or if cation homeostasis dysregulation resulting from PMR1 

deletion causes Gdt1p decrease. Interestingly, Gdt1p abundance and 

glycosylation are both “corrected” by the addition of extra Ca2+ to the pmr1Δ 
strain. 

a. Pmr1p selective mutants point out Mn2+ effect on Gdt1p control 

Pmr1p has been extensively studied and some mutants of this protein with 

altered Ca2+ or Mn2+ transport activity were isolated. Hence, the PMR1(D53A) 

mutant displays reduced Ca2+ transport, PMR1(Q783A) reduced Mn2+ 

transport, and PMR1(D778A) is a fully inactive mutant as its ATPase activity 

has been lost (278-280). Therefore, we looked at Gdt1p abundance in strains 

expressing Pmr1p mutants. It is very clear that Gdt1p reduction of 

abundance specifically occurs when Pmr1p is unable to properly convey 

Mn2+ cations from the cytosol to the Golgi lumen (Figure 27A), as the 

abundance of Gdt1p is restored to the same level as in the WT strain when 
non-mutated PMR1 or PMR1(D53A), a mutant still able to convey Mn2+ but 

not Ca2+, is expressed from a plasmid in the pmr1Δ strain. On the contrary, 

complementation of pmr1Δ with PMR1(D778A) and PMR1(Q783A) mutants, 

that are defective for Mn2+ transport, does not restore Gdt1p abundance to 

the WT level. Two hypotheses can be drawn from this observation. Either it 

is the increase of Mn2+ concentration in the cytosol that causes Gdt1p 

downregulation, or we could imagine that the deficiency of Golgi loading with 

Mn2+ causes Gdt1p decline. Mn2+ quantification in both compartments, 

cytosol and Golgi, would probably allow to disentangle the two explanations. 
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b. Mn2+ increase in the cytosol is associated with Gdt1p decline 

It was previously highlighted that cytosolic [Mn2+] is increased in the pmr1Δ 

mutant (88, 92). During her Master thesis, Guillemette van Raemdonck 

obtained data highlighting Mn2+ accumulation in the vacuole of the pmr1Δ 

strain. Furthermore, she showed that Mn2+ vacuolar overaccumulation 
specifically takes place for Mn2+-deficient PMR1 mutants. Pmr1p deficiency 

is probably triggering corrective mechanisms to reduce Mn2+ toxicity in the 

cytosol. Ccc1p, a vacuolar Mn2+ importer (281, 282), could be overexpressed 
or activated in such condition. On the contrary, Gdt1p is downregulated.  

 

   

 

Figure 27. Gdt1p abundance is regulated by Mn2+ transporters. 
Cells grown in YD to mid-log phase (OD600 ≈ 3.0) were collected and total protein extracts 

were analyzed by western blotting. The abundance of endogenous Gdt1p was analyzed in 

strains A. where PMR1 is modified, either deleted or expressed with modified transport 

capacities from a pRS41N plasmid as expression system, or B. where SMF2 and PMR1 are 

deleted separately or simultaneously. For A. and B., representative experiments of 4 

biological replicates are shown. Cdc48p is used as a loading control. Protein markers are 

indicated (kDa). Gdt1p relative abundance refers to Gdt1p signal in each strain compared 

to the signal in the WT strain, normalized by the signal of the loading control. Mean and 

SD are indicated. C. GDT1 mRNA level in strains deleted for PMR1, SMF2 or both is 

compared to the amount of GDT1 mRNA in the WT strain, evaluated by RT-qPCR method. 

Data are presented as relative to the control strain. N = 2 to 4 independent biological 

experiments. The means and the individual values are presented, and each dot represents 

the mean of technical triplicates. RT-qPCR experiments were performed by Quentin 

Lejeune during his Master thesis. 
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Aside, SMF2 deletion reduces import of Mn2+ from the extracellular medium 

(88). In this strain, total cellular manganese decreases by 5-fold and cytosolic 

[Mn2+] is lower than in the WT strain (92), but Gdt1p abundance is not 

significantly modified (Figure 27B). Then, when PMR1 and SMF2 are 

conjointly deleted, the cellular manganese content increases compared to 

smf2Δ and reaches an intermediate level in between WT and pmr1Δ strains, 

as measured by inductively-coupled plasma atomic emission spectrometry 

(ICP-AES). In this double deleted strain, the cytosolic [Mn2+] is sufficient to 

fully restore Sod2p activity (92). Those changes in the Mn2+ concentrations 

are corelated with Gdt1p abundance that increases in the pmr1Δsmf2Δ strain 

compared to smf2Δ (Figure 27B). This reinforces the assumption that 

cytosolic Mn2+ regulates Gdt1p abundance, even though we cannot definitely 
rule out the hypothesis that Golgi [Mn2+] controls Gdt1p abundance. 

 

c. Golgi Mn2+ determination is not an easy task 

Compared to vacuolar Mn2+ quantification, Golgi Mn2+ determination is much 
more difficult to achieve. Guillemette van Raemdonck also tried to purify 

Golgi vesicles from various strains and to determine their Mn2+ content by 

ICP-AES, but the measurements were very close to the detection limit of the 
instrument. In addition, Golgi compartments purification was too much 

contaminated by other organelles to accurately determine [Mn2+]Golgi. 

Therefore, we can only speculate that [Mn2+]Golgi is reduced when Pmr1p is 

ineffective for the transport of this cation. We do not know how GDT1 up-
/downregulation would affect the Golgi Mn2+ content. 

 

d. Ca2+ supplementation synchronously restores Gdt1p abundance 
in the pmr1Δ strain, as well as glycosylation and growth speed 

It was previously observed that the addition of Ca2+ in the extracellular 

medium of pmr1Δ cell culture counteracts the effect of PMR1 deletion on 
Gdt1p cellular abundance (133). In parallel, glycosylation defects 

characterizing the pmr1Δ strain are also corrected by Ca2+ supplementation. 

Here, we looked closely at those two effects by adding rising amounts of CaCl2 

in growth media. Besides, we also recorded the growth speed of the pmr1Δ 

strain in those growth conditions. It is striking to observe that there is a 

coincident effect of Ca2+ supplementation on the three parameters (Figure 

28A and B). We notice a gradual correction of Gdt1p abundance, 

glycosylation and growth speed after the addition of 2, 5 and 10 mM Ca2+. 

From 10 to 50 mM Ca2+ supplementation, all three monitored parameters 
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display an optimum. At higher [Ca2+], there is again growth slowdown, 

similar in WT and pmr1Δ strains. On the contrary to what we observe for the 

pmr1Δ strain, the pmr1Δgdt1Δ strain cannot account on Ca2+ 
supplementation to speed up growth (Figure 28B). Altogether, this suggests 

that Gdt1p affords fitness benefit to the cells in a Ca2+-dependent manner. 

 

 

Figure 28. Mild Ca2+ supplementation improves growth, corrects glycosylation 
defects and increases Gdt1p abundance in the pmr1Δ strain. 
A. Total protein extracts of the WT and the pmr1Δ strains, grown in normal YD medium 

([Ca2+] ≈ 0.75 mM) or in YD supplemented with increasing amounts of CaCl2 and collected 

in mid-log phase (OD600 ≈ 3.0), were analyzed by western blotting. Endogenous Gdt1p 

abundance varies upon PMR1 deletion and Ca2+ supplementation. Prc1p and Gas1p are 

also analyzed by western blotting. Mobility shifts, which are highlighted with an open 

circle, depict glycosylation troubles. Ubx4p serves as the loading control. Protein markers 

are indicated (kDa). B. The WT, pmr1Δ and pmr1Δgdt1Δ strains were grown in YD and YD 

supplemented with increasing Ca2+ concentrations. The number of doubling per hour is 

depicted. The higher this value, the faster cells divide. N = 3-4. Means and SD are 

represented. 
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4. Active targeting of Gdt1p to the vacuole occurs during 

high Mn2+ exposure 

Next to Gdt1p downregulation when Pmr1p Mn2+ transport activity is 

altered, it was also noticed that Mn2+ addition in the extracellular medium 

causes Gdt1p and TMEM165 decreases (210). Those decreases happen in a 

relatively fast fashion, suggesting that an active degradation mechanism 

drives Gdt1p degradation. As degradation mechanisms of Golgi membrane 

proteins were rarely described, Gdt1p way of degradation is unknown and 
we will try to uncover via which process it takes place. 

a. Extensive Gdt1p decrease is observed within 1 to 2 hours after 
Mn2+ application 

We first aimed at confirming preliminary observation of Potelle et al. (210) 

by applying a similar Mn2+ addition to yeast cell suspension. Cells were 

grown to early/mid-log phase (OD600 ≈ 1.0-2.0) in classical YD medium, not 
supplemented with extra Mn2+. In this medium, the [Mn2+] is close to 5 µM 

(measurement of Anne-Sophie Colinet, by ICP-AES). Then, MnCl2 was added 

in the culture medium at different concentrations and cells were collected 1 

to 8 hours later. While the addition of 1 mM MnCl2 does not cause Gdt1p 

decrease, as observed in a previous study (210), the addition of 5 mM MnCl2, 

and even more consistently the addition of 10 mM MnCl2, induces a rapid and 

acute Gdt1p drop (Figure 29A). It should also be noticed that 500 µM Mn2+ 

addition is sufficient to trigger Gdt1p degradation in the pmr1Δ strain (Figure 

29D). This lower threshold probably results from a lower ability of yeast cells 
to deal with high cytosolic Mn2+ amounts when Pmr1p is not effective. 

Interestingly, when looking at growth speed after MnCl2 addition, it looks like 

cells go through an adaptation period. Especially under 10 mM Mn2+ 

treatment, growth speed decreases steeply during the second hour of Mn2+ 

treatment, but eventually recovers slightly afterwards (Figure 29B). To 

definitely affirm it, cell growth should be monitored more carefully. 
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Figure 29. Gdt1p degradation upon Mn2+ exposure. 
Cells were grown in YD medium to mid-log phase, MnCl2 was added in the extracellular 

medium and cells were collected at different time points to analyze endogenous Gdt1p 

abundance by western blotting, GDT1 mRNA level and growth speed. A. The WT strain was 

subjected to increasing amounts of Mn2+ to establish from which treshold does Gdt1p 

degradation occur. At least four biological replicates were performed with 5 and 10 mM 

MnCl2 addition, from which one representative experiment is shown. B. The doubling rate 

of the WT strain is compared before and after the addition of 5 mM or 10 mM MnCl2 in the 

extracellular medium. The number of doubling per hour is depicted. The higher the value, 

the faster cells divide. N = 13 to 23. Mean and SEM are represented. C. GDT1 mRNA level 

is analyzed by RT-qPCR after Mn2+ addition in the extracellular medium of WT culture. 

Data are presented as relative to the initial time point (0 min). RT-qPCR experiments were 

performed by Quentin Lejeune during his Master thesis. D. As pmr1Δ strain is more 

sensitive to Mn2+ than the WT, it was subjected to a lower Mn2+ addition, 500 µM. Ubx4p 

and Cdc48p are used as loading controls. Protein markers are indicated (kDa). 
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b. Natural turnover of Gdt1p does not justify Mn2+-dependent Gdt1p 

decrease 

The decrease of Gdt1p abundance could result either from a diminution of its 

synthesis combined to the natural turnover of the protein, or from the 

activation of a specific degradation process triggering a fast decline of Gdt1p.  

In the yeast genome database, Gdt1p half-life is reported, worth 3.1 hours 

[https://yeastgenome.org/locus/S000000391/protein], while the median 
protein half-life in budding yeast is 8.8 hours (283). This statement is based 

on a proteomic analysis, where the decay of proteins containing heavy 

isotopes was followed over time (283). As Gdt1p decrease is very 

pronounced in our experiments within two hours of Mn2+ exposure, the 
natural turnover alone is not sufficient to explain Gdt1p disappearance. To 

robustly confirm this, during his Master thesis, Quentin Lejeune 

experimentally recorded the natural turnover of Gdt1p upon cycloheximide 

treatment, an inhibitor of protein synthesis. He observed that, after the 

addition of cycloheximide, more than 5 hours are required to lose half of 
Gdt1p signal in western blotting (Figure 30). 

 

 

Figure 30. Gdt1p natural turnover indicates a half-life of about 5-7 hours. 
After cycloheximide (CHX) was added to cell culture at a concentration of 100 µg/ml, 

endogenous Gdt1p decrease was followed by western blotting. This measurement serves 

as a read-out of Gdt1p half-life. Control with cells not treated with CHX was carried out in 

parallel. Ubx4p serves as the loading control and protein markers are indicated (kDa). 

Representative experiment of three biological replicates. The graph represents the 

relative Gdt1p abundance compared to the reference before CHX treatment (0’). For 

quantification, Gdt1p western blot intensity was normalized to the loading control 

intensity (α-Ubx4p). Experiments performed by Quentin Lejeune during his Master thesis. 
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In parallel, Quentin Lejeune also assessed the transcriptional regulation of 

GDT1 by quantifying GDT1 mRNA level in various S. cerevisiae deletant 

strains and upon Mn2+ addition. Interestingly, as Gdt1p protein abundance, 

GDT1 mRNA level also decreases rapidly after Mn2+ addition, with a 70% 

decrease within 30 minutes (Figure 29C). However, decrease of Gdt1p 

abundance and of GDT1 mRNA are not always correlated. For example, there 

is no apparent change of GDT1 mRNA level in the pmr1Δ strain compared to 

the WT strain, while Gdt1p quantity is substantially lowered in this strain 

(Figure 27C). 

 

c. Gdt1p is targeted to the vacuole for degradation 

As Gdt1p seems actively degraded upon Mn2+ exposure, we aimed at 

identifying via which degradation process. In human cells, TMEM165 is 

presumably sent to the lysosome for degradation, as chloroquine treatment, 

which disorganizes the endo-lysosomal system (284), abolishes TMEM165 

disappearance (210). In our hands, Gdt1p degradation is fully stopped in a 

pep4Δ strain that is characterized by inactive vacuolar proteases (12). 

Actually, no significant decrease of Gdt1p is observed, even after 4 hours 
(Figure 31A and B). 

To go further, we constructed GFP-tagged versions of Gdt1p to track it by 

microscopy. As the N-terminal part of the protein is predicted to be cleaved, 

it is not a suitable place for GFP tagging. When we tried to tag Gdt1p at its C-

ter, either into a plasmid expression system or by direct modification of the 

genome, we unfortunately never got the DNA construct of interest. The few 

popping clones were systematically mutated, like as the chimeric GDT1-GFP 

sequence was counterselected. Eventually, we achieved to tag Gdt1p with the 

GFP by inserting it in between amino acids 29 and 30 of Gdt1p, i.e. a few 

amino acids after the predicted signal peptide cleavage site, on the luminal 
side of the protein. 

By tracking this Gdt1(1-29)-GFP-(30-280)Gdt1 construct before and after 

Mn2+ addition, the fluorescent pattern thoroughly changes. From small and 

focused dots typical of S. cerevisiae Golgi structures before Mn2+ addition, we 

end up after Mn2+ addition with large and blurred fluorescent compartments 

typical of the broad yeast vacuoles, where the GFP accumulates and remains 
relatively stable (Figure 31C).  
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Figure 31. Vacuolar degradation is responsible for Gdt1p decrease after Mn2+ 
supplementation. 
A. By exposing WT cells to 5 or 10 mM MnCl2 for 0 to 240 minutes, endogenous Gdt1p 

abundance rapidly decreases. Representative western blot of at least three biological 

replicates. B. In the pep4Δ strain, no substantial decrease of endogenous Gdt1p is 

observed after MnCl2 addition. Ubx4p is used as a loading control and protein markers 

are indicated (kDa). Representative western blot of at least three biological replicates. C. 

The WT strain transformed with pRS416-pTPI-GDT1(1-29)-GFP-(30-280)GDT1 plasmid 

is incubated with 10 mM MnCl2 for up to 120 minutes. Cells are imaged by epifluorescence 

microscopy just before Mn2+ addition and after 60 or 120 minutes of Mn2+ exposure. 

Differential interference contrast (DIC) method is used to visualize cells shape and GFP 

signal depicts Gdt1p localization. Two representative images are shown for each 

condition. 
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d. Autophagy is not implicated in Mn2+-dependent Gdt1p 

degradation 

When living organisms are facing intense stresses, such as the large excess of 

Mn2+ we apply to yeast cells in our experiments, they have to significantly 

transform their metabolism and to remodel their defense mechanisms to 
overcome the stress. One could imagine that autophagy could be activated to 

broadly transform cellular proteome. Therefore, we tested two strains 

defective for autophagy, atg1Δ and atg2Δ, and applied again the usual Mn2+ 

addition. As Gdt1p disappears in those autophagy mutants as in the WT 

strain, it seems that autophagy is not involved in the process of Gdt1p 

degradation (Figure 32A and B). Alternatively, the GOMED (Golgi membrane-

associated degradation) pathway, which is parallel to autophagy but 

independent of it, is a bulk degradation process of Golgi compartments (271) 

that could be responsible for Gdt1p disappearance. However, when 

monitoring the amount of other Golgi localized proteins, such as the 

Ca2+/Mn2+-ATPase Pmr1p or the integral membrane component of ER-

derived COPII-coated vesicles Emp47p, during the same Mn2+ exposure, their 

abundance does not look affected (Figure 32C). Those results suggest that, 
rather than a bulk degradation of Golgi compartments, a quite specific 

degradation process probably extracts Gdt1p from the Golgi to send it to the 

vacuole for degradation. 

 

Figure 32. Autophagy does not cause Gdt1p degradation upon Mn2+ exposure. 
A. and B. In a similar manner as in previous experiments, Gdt1p degradation was initiated 

by 10 mM MnCl2 addition in the extracellular medium of exponentially growing cells. 

Total protein extracts from atg1Δ (A.) and atg2Δ (B.) cultures were collected every sixty 

minutes and analyzed by western blotting, and endogenous Gdt1p was analyzed. Ubx4p 

serves as a loading control. C. The abundance of two other Golgi localized proteins, 

Emp47p and Pmr1p, was also followed during the same experimental procedure. 

Representative western blot of at least two biological replicates (from atg1Δ and gga2Δ 

strains, where Gdt1p is normally degraded). Protein markers are indicated (kDa).  
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5. The degradation route of Gdt1p involves a transit via 

the MVB 

Many proteins that are targeted to the vacuole transit via the multivesicular 

bodies. The vesicles coming from the endocytic route or from the TGN are 

recognized by a specific t-SNARE, Pep12p, which states at the membrane of 

this prevacuolar compartment (285, 286). MVB are characterized by a 

peculiar vesicular budding phenomenon, that goes from MVB membrane to 

MVB lumen. In this manner, some membrane proteins become internalized 

into the MVB lumen. Later on, when MVB fuse with vacuoles, internalized 

vesicles end up in the lumen of the vacuole and undergo degradation and 

proteolysis. Vesicular budding into MVB lumen is assisted by four endosomal 

sorting complexes required for transport (ESCRT) components that act 
successively, ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III (287). 

Hence, we wondered whether Gdt1p reaches the vacuole via the MVB by 

analyzing its degradation in strains deleted either for PEP12, or for ESCRT 

subunits. Quite clearly, we observe that Gdt1p degradation requires Pep12p, 
as Gdt1p is stable when analyzed by western blotting in pep12Δ strain during 

Mn2+ treatment (Figure 33A). When looking by microscopy at Gdt1p 

localization, it appears that Gdt1p is retained in small vesicles looking like 

Golgi, endosomes, or other intermediate vesicles of the secretory pathway 
(Figure 33B). Colocalization experiments could specify it more precisely.  

Elsewhere, in ESCRT mutants, Gdt1p degradation is not really abolished. 

Rather, in some ESCRT mutants there is remarkable appearance and 

accumulation of an intermediate degradation product of Gdt1p (Figure 33C). 

The accumulation of this product could result from the proteolytic activity of 

proteases in the lumen of prevacuolar compartment on few accessible 

positions. Indeed, Gdt1p possesses only short soluble loops at the luminal 

side of the membrane. Its main loop – that is recognized by our α-Gdt1p 
antibodies – is facing the cytosol (2) and would then be protected by the lipid 

bilayer. By microscopy, the Gdt1p-GFP chimeric proteins still largely reach 

the vacuole in vps36Δ and vps24Δ ESCRT mutants. However, we also notice 

the accumulation of fluorescent signal in peculiar prevacuolar compartments 

directly adjacent to vacuoles that are characteristic of class E vps mutants 

(288-290). In order to precisely identify vacuoles and their neighboring class 

E vps aberrant compartment, FM4-64 was used as a membrane marker. FM4-

64 is a hydrophobic fluorescent compound that accumulates in lipidic 

membranes. If pulse-chased, FM4-64 first stains the peripheral plasma 

membrane, rapidly followed by endosomes staining, and finally ending with 

vacuolar staining. This is because of the endocytic route that brings material 
from the plasma membrane to the vacuolar membranes.   
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Figure 33. Gdt1p transits via the MVB before reaching the vacuole. 
A. Exponentially growing pep12Δ cells are subjected to 10 mM MnCl2 addition and cells 

were collected every sixty minutes. Endogenous Gdt1p was analyzed, Ubx4p serves as the 

loading control and protein markers are indicated (kDa). Representative western blot of 

two biological replicates. B. Gdt1(1-29)-GFP-(30-280)Gdt1 chimeric protein expressed 

from pRS416 plasmid under the control of pTPI promoter in the pep12Δ strain was viewed 

by microscopy, either prior to Mn2+ addition, or 150 minutes after the addition of 10 mM 

MnCl2. GFP signal and corresponding DIC pictures are presented. Representative images 

are shown. C. Endogenous Gdt1p abundance was followed in various ESCRT mutants 

during high Mn2+ exposure, and compared to the WT strain. Indicated stars point out the 

accumulation of intermediate degradation products in some ESCRT mutants. D. Gdt1(1-

29)-GFP-(30-280)Gdt1 expressed under pTPI promoter from pRS416 plasmid in WT and 

vps24Δ and vps36Δ ESCRT mutants was imaged prior and/or after 150 minutes incubation 

with 10 mM MnCl2. In order to unambiguously detect vacuoles, FM4-64 was pulse-chased 

(15 min pulse, 2 washings, 30 min chase, temperature maintained at 30 °C). DIC, FM4-64, 

GFP and merge of both fluorescent channels are presented. Two representative images 

are shown for each condition. White arrows point out typical class E vps mutant 

phenotype. 
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Figure 33 (continued). 
 

Here, we applied a 15 minutes pulse followed by 30 minutes chase, while 

cells were continuously kept at 30 °C. Without Mn2+ addition, Gdt1p-GFP 

mostly appears in small vesicles that do not colocalize with the vacuoles. 

After 150 minutes of Mn2+ treatment, the GFP signal is almost exclusively 

detected into vacuoles in the WT strain. In vps36Δ and vps24Δ ESCRT 

mutants, the GFP signal stains vacuoles and “aberrant” class E compartments 

adjacent to vacuoles (Figure 33D). 
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6. Golgi exit of Gdt1p remains unknown 

Gdt1p transits via the MVB en route to the vacuole to endure proteolysis. This 

is a well-known degradation pathway, which is usually followed by many 

plasma membrane proteins once they are endocytosed. However, the 

targeted degradation of membrane proteins from other compartments of the 

endomembrane system is less characterized. 

Therefore, as no evident degradation mechanism is known for Golgi resident 

membrane proteins, we tested whether the most common trafficking routes 

from the Golgi to the vacuole could be responsible for Gdt1p degradation. AP-

1 and AP-3 clathrin-associated complexes commonly drive proteins from the 

Golgi to vacuoles. In apm1Δ, apm3Δ, and apm1Δapm3Δ double deletant, 

where the mu subunit of AP-1 and AP-3 complexes are absent, Gdt1p 

degradation process is not altered when compared to its diminution in WT 
strain (Figure 34A to D). Alternatively, Gdt1p could transit via the plasma 

membrane before reaching the vacuole through endocytosis. However, no 

change of the degradation timing is observed in the end3Δ strain (Figure 

34E). 

The Golgi/TGN are also dedicated to protein recycling. Some plasma 

membrane proteins, after being endocytosed, can be retrieved from early 

endosomes and sent to the TGN for recycling instead of being targeted to the 

vacuole for degradation. This routing involves complex signaling 

mechanisms, where ubiquitin tagging is usually the key actor that 
differentiates proteins, hence specifying their fate. 

Ubiquitylation is a multistep process. The E1 ubiquitin-activating enzyme 

prepares the ubiquitin moiety, which is next bound to E2 ubiquitin-

conjugating enzymes and finally transferred to their targets by the action of 

E3 ubiquitin ligases (291). In yeast, several E3 ubiquitin ligases exist. Rsp5p 

is the main ubiquitin ligase involved in the endocytosis of plasma membrane 
proteins (292). It was also shown that Rsp5p can be implicated in the 

ubiquitylation of proteins at other stages of the secretory pathway (293, 

294). Next to Rsp5p, Tul1p is the E3 ubiquitin ligase of the Dsc E3 ligase 

complex (276, 295). This complex regulates protein trafficking at the Golgi, 

as well as in endosomal network and at the vacuole membrane (296).  

Therefore, we wondered whether those ubiquitin ligases could be involved 

in Gdt1p degradation process. 
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Figure 34. Gdt1p does not follow the classical clathrin-mediated Golgi to vacuole 
routes. 
Degradation of endogenous Gdt1p upon Mn2+ exposure was assessed in several strains 

deficient for AP-1, AP-3 or endocytosis. A. As compared to a control, Gdt1p degradation 

after MnCl2 addition occurs with a similar timing in B. apm1Δ, C. apm3Δ, D. apm1Δapm3Δ 

and E. end3Δ strains. Ubx4p is used as a loading control and protein markers (kDa) are 

indicated. 

 

The deletion of TUL1 does not change Gdt1p degradation dynamic (Figure 

35C). In contrast, by using the npi1-1 strain, where Rsp5p is weakly 

expressed (297), we can observe that Gdt1p degradation takes place slower 

than in the WT strain (Figure 35A, B, D and E). However, the faint degradation 

slowdown contrasts with the severe degradation arrest described in other 

studies where npi1-1 strain revealed Rsp5p implication in the endocytosis of 

specific plasma membrane cargoes (298, 299). Therefore, we can speculate 

that the slower degradation in our experiments could result from indirect 

effect of RSP5 downregulation rather than from a direct ubiquitylation 
activity on Gdt1p. 

Finally, we looked at a large set of proteins possibly involved in Golgi to 

vacuole specific degradation process. None of the mutant strains we assessed 

had a significant impact on Gdt1p Mn2+-triggered degradation (Annex 4). 

Here is the exhaustive list of tested mutants: gga1Δ, gga2Δ, gga1Δgga2Δ, that 
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are Golgi clathrin adaptors, and the gga1Δapm1Δ strain ; ssh4Δ, ear1Δ, bsd2Δ, 

rcr1Δ, rcr2Δ, bul1Δ, bul2Δ, bul1Δbul2Δ and EN60 strain, which are strains 

deficient for Rsp5p adaptors bordering the Golgi, the endosomes/MVB or the 
plasma membrane, some of them being involved in the regulation of Smf1p 

and Smf2p Mn2+-transporters (300-302), some others regulated by the 

calcineurin signaling pathway (303) ; arf2Δ, a GTPase involved in intra-Golgi 

trafficking ; doa4Δ, a deubiquitinase that is required for ubiquitin recycling 

in prevacuolar compartments ; sna1Δsna2Δsna3Δsna4Δ, which are involved 

in protein sorting and trafficking and could serve as Rsp5p adaptors. 

In some of those strains, we can notice a slight slowdown of the degradation 

process – that could be confirmed by experimental repetitions –, but there 

was no strong phenotype. Hence, we cannot stand out Gdt1p interactors 

involved in Gdt1p retrieval from its usual place, the cis- and medial-Golgi, to 

be sent in a vacuolar degradation route. 

 

 

Figure 35. Ubiquitin ligases Rsp5p and Tul1p are not essential for Gdt1p 
degradation. 
The degradation of endogenous Gdt1p following the addition of 5 or 10 mM Mn2+ is 

analyzed in A. and D. a control strain, B. and E. the npi1-1 strain where Rsp5p is 

downregulated and C. the tul1Δ strain. Rsp5p downregulation causes Gdt1p delay of 

degradation of about 60 minutes. Ubx4p and Cdc48p are used as loading controls, and 

protein markers (kDa) are indicated. For the npi1-1 strain, representative experiment of 

two biological replicates at each Mn2+ concentration. 
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7. Discussion 

Effective regulatory mechanisms control Gdt1p abundance 

When looking at Gdt1p regulation, it is particularly interesting to notice that 

Gdt1p abundance is regulated both at transcriptional and post-translational 

levels. Both regulatory mechanisms are controlled by Gdt1p substrates. 

Hence, when the Golgi-localized Pmr1p ATPase is deficient for Mn2+ 

transport, it causes a decrease of Gdt1p. On the contrary, Ca2+ 

supplementation boosts Gdt1p abundance. Pmr1p and Gdt1p were 

sometimes proposed to have complementary functions to fill the Golgi lumen 

with Ca2+ and Mn2+ cations (133, 208). However, Gdt1p decline when Pmr1p 

is absent rather suggests opposite – or at least distinct – physiological 

functions. Next to this, Gdt1p could be stabilized in the Golgi by some physical 

interaction with Pmr1p, as deletion of those genes display several similar 

phenotypes and that they considerably colocalize in Golgi compartments 

(90). Nonetheless, Gdt1p abundance is not simply correlated to Pmr1p 

presence/absence, therefore indicating that Gdt1p stability does not solely 
depend on Pmr1p presence in the Golgi membrane. 

Eventually, extracellular Mn2+ excess triggers a rapid vacuolar Gdt1p 

degradation. A similar downregulation of the Smf1p plasma membrane 

Nramp metal transporter, which is degraded at the vacuole upon Mn2+ 

addition, has been described in the literature (304). Therefore, the simplest 
explanation is that cells proceed to Gd1p degradation to protect themselves 

from toxic manganese. However, this explanation is not fully satisfying 

because gdt1Δ cells are also more sensitive to Mn2+ and accumulate more 
manganese than the WT strain (92). 

Anyway, as cells have maintained a similar degradation procedure for the 

human TMEM165 and the yeast Gdt1p in the course of evolution (210), this 
suggests that it is a crucial mechanism for cell survival. In yeast, Gdt1p 

degradation process is also accompanied by a restriction of its mRNA level. 

It avoids futile cycles of protein synthesis / protein degradation and 
constraints Gdt1p abundance at a low level. 

 

Gdt1p regulation is correlated to healthy Golgi functions 

In previous studies, the role of TMEM165 and Gdt1p for the glycosylation 

process has been extensively studied (91, 172, 195). In yeast, glycosylation 

troubles appear in the gdt1Δ strain exposed to high extracellular Ca2+. On the 

contrary, Ca2+ supplementation corrects the glycosylation problems of the 
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pmr1Δ strain. Here, we observed that Ca2+ addition to pmr1Δ cells have a 

triple effect. It rectifies glycosylation, it increases Gdt1p abundance and it 

improves growth rate. It is difficult to know exactly what is the underlying 
explanation for the three above-mentioned elements. Yet, as Ca2+ addition 

does not improve growth of the pmr1Δgdt1Δ strain and induces glycosylation 

defects in the gdt1Δ strain, we can speculate that Gdt1p increase is necessary 

for the two others parameters to become optimal. Further research would be 

necessary to decipher the determinants of proper Golgi functioning. 

 

The degradation route conveying Gdt1p from the Golgi to the vacuole is 

not completely identified 

Our data quite clearly demonstrate that Gdt1p is actively sorted from the 

Golgi membrane to be sent to the vacuole lumen upon Mn2+ exposure. 

Membrane protein degradation process usually requires ubiquitylation, 

trafficking to MVB membrane, internalization into MVB lumen and finally 

release into the vacuole. ESCRT components seem indeed required to 

support an efficient degradation of Gdt1p. Especially with mutants of the 
ESCRT-II and ESCRT-III complexes, we also noticed the stabilization of a 

degradation product of Gdt1p. This indicates that at least a pool of the 

proteins remains stuck in the membrane of prevacuolar compartments. This 

also suggests that several ways could maybe be followed by Gdt1p for its 

degradation. As an alternative, Gdt1p could be deprived of its ability to be 

recognized by the ESCRT machinery. For example, it is known that 

ubiquitylation serves as a marker to enter in the ESCRT pathway (305). If 
some ubiquitylation of Gdt1p is mildly stable, it could lose it before being 

internalized into the MVB lumen and hence stay stuck at the MVB membrane. 

Regarding a possible ubiquitylation step, we were unable to determine 

whether Gdt1p degradation accounts on such protein tagging. In proteomic 

analyses, Gdt1p ubiquitylation was observed (306, 307). However, after 

Mn2+ addition, we could not detect ubiquitylated Gdt1p (data not shown – 

experiments performed by Guillemette van Raemdonck during her Master 

thesis). Of course, protein ubiquitylation is often transient and the pool of 

target ubiquitylated protein can be quite faint compared to the total Gdt1p 
amount. Though, by using several ubiquitin ligases or ubiquitin ligase 

adaptors mutants, we could not establish whether Gdt1p ubiquitylation is 

controlling its degradation. The only noticeable observation is some 
slowdown of Gdt1p decline when the ubiquitin ligase Rsp5p is 

downregulated, but it could be caused by indirect effects. 
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Gdt1p exits the Golgi in an unknown manner 

Protein trafficking in the Golgi has been extensively studied. Many routing 

complexes have been characterized and their main cargoes are known. 

However, those trafficking routes are mostly involved in the normal 

transport of proteins, solely transiting though the Golgi. Gdt1p usually stands 
in the Golgi membrane, but is rapidly retrieved from its location just after 

cells face elevated amounts of extracellular Mn2+. Via which mechanism is 

Gdt1p taken out of the Golgi remains totally unknown. At least two 

hypotheses should be considered. Either Gdt1p is constantly recycled from 

late Golgi cisternae to early Golgi cisternae. This procedure could be turned 

off due to Mn2+ addition, leading to a loss of Gdt1p in the Golgi. Or there is an 

active mechanism that identifies Gdt1p in the Golgi, tags it or extracts it from 

its usual place to send it to the vacuole. In order to disentangle the two 

hypotheses and to try to identify new actors involved in Golgi proteins 
retention or retrieval, broader screening approaches should be developed.
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« Chaque fois que nous entendrons dire : de deux choses l’une, empressons-
nous de penser que, de deux choses, c’est vraisemblablement une troisième. » 

Jean Rostand 

 

 

1. Discussion regarding Golgi pH control mechanisms 

The gradual acidification of the secretory pathway lumen is critical to 

maintain its integrity and to encounter its metabolic functions. Despite the 

fact that this gradual acidification is a well-established fact, the molecular 

mechanisms controlling it are far from completely understood. 

a. Role of the V-ATPase 

More than two decades ago, the V-ATPase has been identified as the main 

proton pump in the secretory pathway (246). In various organisms, its 

implication for Golgi and TGN acidification has been directly recorded (161, 

241). Here, we highlight that the V-ATPase is also essential for yeast Golgi 
acidification. This observation was expected. What was less expected is that 

Stv1p – the Golgi-localized isoform of the subunit a of V0 domain – seems 

dispensable for Golgi acidification in rapidly growing cells, while VPH1 

deletion – the vacuolar isoform of the same subunit – causes Golgi 

acidification defects. Stv1p and Vph1p derive from a common ancestor gene 

that was probably able to fulfill V-ATPase roles both at the Golgi and in the 

vacuole (308), as it is also the case for some actual species that possess one 

single subunit a isoform (309). Therefore, Stv1p and Vph1p isoforms 

emergence during evolution probably gave a selective fitness advantage to 

actual budding yeast cells compared to their ancestor with a single subunit a 
isoform. Keeping Vph1p involved in the usual acidification of the secretory 

pathway maybe allowed Stv1p to take other more specialized roles, like pH 

sensing, membrane fusion or V-ATPase regulation (57, 310, 311). 

Regarding Golgi organization, several research groups hypothesized that 

there is a lateral segregation of proteins along Golgi stacks, called “rapid 

partitioning model”, where some zones are dedicated to post-translational 

modifications and other zones are devoted to the anterograde  flux of cargo 

proteins or to the retrograde recycling of Golgi enzymes (13, 125). Besides, 

it was highlighted that the Golgi luminal pH drives protein oligomerization, 

which triggers protein trafficking (44, 45). Although in S. cerevisiae, peculiar 

Golgi morphology may hide such a lateral segregation, one could imagine 
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that Stv1p – and other subunit a isoforms in other eukaryotes – could be 

involved in the segregation of proteins alongside a single stack by performing 

acidification in subspecific areas of the Golgi. Alternatively, Stv1p could be 
required only in specific physiological conditions, for example when cells 

endure intense cytosolic pH changes, as it happens when there are 

modifications of the catabolized carbon source. The fact that Stv1p-

containing complexes does not undergo dissociation during glucose 

depletion, while Vph1p-containing complexes do, supports this hypothesis 

(55, 62). Eventually, Stv1p could also compete with Vph1p to reduce V-

ATPase activity in early Golgi compartments, but not/less in late-Golgi, 

therefore taking part in the implementation of the pH gradient from one 

Golgi cisternae to the next one. 

b. Looking for a H+ leak channel 

Next to H+ import to the Golgi lumen, putative “leak mechanisms” are 

expected to balance Golgi pH by allowing controlled H+ efflux (50, 77, 141, 

161). Though, the identity of such leak channel(s) is (are) not determined in 

yeast. The availability of tools for pH monitoring, as the one we developed in 
this work, could contribute to the discovery of the sought channel(s). Among 

the candidates in S. cerevisiae, we point out Gef1p, a putative Cl-/H+ 

exchanger (70), or Nhx1p and Kha1p, predicted Na+/H+ and K+/H+ 

exchangers (73, 74). Carrying out Golgi pH measurements in strains deficient 

for those proteins could answer whether they are or not implicated in Golgi 

pH control. Nevertheless, in our hands, Kha1p is not associated with a more 

acidic Golgi lumen (Annex 1), and Gef1p and Nhx1p are rather localized in 
the TGN or in endosomes than at the early Golgi. Henceforth, performing 

Golgi pH measurements in a yeast mutants’ library represents an attractive 

manner to identify proteins required for Golgi pH balancing. 

c. Control mechanisms to maintain Golgi relative acidity 

Our measurements highlight that Golgi pH fluctuations are quite restrained 
compared to cytosolic pH fluctuations. In the cytosol, pH variations come 

from the production and the consumption of free H+ ions by metabolic 

processes and from the influx and the efflux of acido-basic compounds. Those 

fluctuations are balanced by the action of specific H+ transporters, mainly the 

plasma membrane H+-ATPase Pma1p and the vacuolar V-ATPase (41). In the 

Golgi lumen, H+ production can arise from the glycosylation process or from 

lactose production (80, 191). This metabolic outcome takes part to the 

needed acidification of the Golgi lumen but should be limited or counteracted 

to avoid any over-acidification. It presumably occurs thanks to the 

aforementioned H+ leak way. Despite this, cytosolic pH changes clearly 
determine Golgi pH changes, as the shape of pH fluctuations were similar in 
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both compartments in our experiments. This thermodynamic equilibrium 

could result from the existence of membrane permeant weak acids and 

bases, such as ammonia or carbonic acid, or from the presence of secondary 
transporters in the Golgi membrane. Interestingly, lipid bilayer permeability 

decreases alongside the secretory pathway. It presumably results from 

membrane thickening, from the thinner ER membrane to the ticker plasma 

membrane (95, 312) but cells should also deal with the regulation of 

channels and secondary transporters involved in H+ transport. In yeast, the 

identity of a putative Golgi H+ leak channel has not been determined (161). 

Hence, Gdt1p could operate as the leak channel researchers are looking for. 

This was already suggested by previous phenotypical assays (80). However, 

although straightforward, our measurements cannot resolve whether Gdt1p 
encounters the role of such H+ leak channel. 

Finally, our probe development strategy paves the road to the design of new 

pH probes. Actually, it would be worthwhile to complete in vivo pH 

recordings specifically in the cis-, medial- and trans-Golgi cisternae or in the 

TGN of S. cerevisiae to gain more insights into the gradual acidification of the 
secretory pathway. 

 

2. On the way to Gdt1p physiological function elucidation 

a. Gdt1p H+/cation exchange activity could be reversed in 
accordance with contrasting concentration gradients 

By using a bacterial heterologous expression as a tool for transport assays, 
we highlighted Gdt1p-mediated H+ transport activity. Furthermore, several 

experiments underlined Ca2+-Mn2+/H+ exchange. In vivo pH recordings in 

yeast also brought clues to elucidate Gdt1p physiological function at the 
Golgi. 

According to our pH measurements and to anterior Ca2+ and Mn2+ 

phenotypical assays, we propose a model where Gdt1p usually transports 
Ca2+ and Mn2+ cations to the Golgi lumen by taking advantage of the H+ 

gradient generated by the V-ATPase (Figure 36, left panel). In this situation, 

the role of Gdt1p is complementary to that of Pmr1p to extrude any excess of 

cytosolic Ca2+ and Mn2+ and to feed the secretory pathway with those cations 

(91, 92, 193, 195). Gdt1p has affinities for Ca2+ and Mn2+ cations (KM = 15 µM 

for Ca2+, 83 µM for Mn2+ (92)) that are lower than the ones of Pmr1p (KM = 

0.1 µM for Ca2+ (313), 0.02 µM for Mn2+ (280)), but is probably characterized 

by transport kinetic and mechanism that may be beneficial for the cell in 
some conditions, as we will discuss it hereunder. 
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The calcium being a cytosolic secondary messenger, it is essential that cells 

possess transporters able to rapidly cope with any increase of its cytosolic 

concentration to avoid messy signaling information. Besides, there are 
increasing evidences that Ca2+ is involved in the control of the vesicular 

trafficking (314, 315) by modulating SNAREs activity (121, 122, 157). 

Therefore, Gdt1p activity could be important for the proper regulation of 

Golgi vesicular trafficking thanks to rapid release or re-uptake of Ca2+ into 

the Golgi lumen. Hence, gdt1Δ cells exposed to high extracellular Ca2+ suffer 

from glycosylation defects that might result from trafficking defects. As a 

corollary, in the pmr1Δ strain, GDT1 deletion or overexpression are 

characterized by trafficking defects in a Ca2+-dependent manner (173). 

Hence, it is conceivable that local Ca2+ signaling events around Golgi 

compartments, that regulate intra-Golgi membrane trafficking (315), are 
disturbed when GDT1 is deficient. 

For its part, manganese is a well-known regulator of redox status within 

biological systems (257) but also serves as a cofactor for several 

glycosylation enzymes in the Golgi apparatus (316-318). If it is not loaded 

sufficiently in the Golgi lumen, it is a cause of glycosylation disorder (319). In 
favorable growth conditions, Gdt1p is maybe a partner of Pmr1p to provide 

their Mn2+ cofactor to glycosylation enzymes. 

However, not only Gdt1p-mediated Ca2+ and Mn2+ transport could be 

impactful on Golgi homeostasis. Especially, the pH is a key parameter for 

most biochemical phenomena. Protonation or deprotonation of amino acids 

will directly affect the shape and therefore the functionality and the 
interactions of most proteins and pH decline from secretory pathway 

“origin”, i.e. the ER, to “destination”, i.e. exocytic vesicles and vacuoles, is 

important to maintain the organization of the secretory pathway (50, 320). 

Here, our data let us speculate that Gdt1p is able to use the transmembrane 

Ca2+ and Mn2+ gradient to convey protons from the cytosol to the Golgi lumen, 

in support to the V-ATPase, when cells are facing a rapid cytosolic pH 

increase (Figure 26C  and 26E). Thanks to Gdt1p transport activity, the Golgi 

lumen does not experience a too intense pH increase and rather keeps some 

acidity in the Golgi lumen. Hence, we complete our model with a putative 

reverse transport activity (Figure 36, right panel). Of course, we have to be 

cautious in the interpretation of the measurements, as we do not know how 

all the transporters act during such pH fluctuations, and as we cannot 

monitor all the ionic gradients simultaneously. Nevertheless, our hypothesis 

is that the reverse activity of Gdt1p, by participating in the maintenance of 

an acidic Golgi luminal pH, could help preserving the Golgi structure and 

ensures a fast renaissance of Golgi metabolic functions by avoiding losses of 
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Golgi resident enzymes and mistargeting of incompletely modified cargoes. 

Accordingly, Gdt1p maybe provides some fitness advantage to its host cell. 

Interestingly, in human cells, mutations or depletion of TMEM165 is 

associated with a more acidic steady-state luminal pH (90, 171). As this trend 

is opposite to the observations we performed in this study, it supports the 
hypothesis that GDT1 family members could perform transport of H+ (and of 

Ca2+ and Mn2+) in the two directions, according to the relative concentration 

gradients across the Golgi membrane. 

 
Figure 36. Model of reversible transport activity mediated by Gdt1p. 
Left part: In favorable growth conditions, when cells are fed with glucose and that ATP is 

easily available, both the V-ATPase and Pmr1p are actively pumping protons and divalent 

cations from the cytosol to the Golgi lumen. It engenders a net gradient of Ca2+, Mn2+ and 

H+, as well as a positive inside membrane potential Ψ (50, 68). Moreover, the activity of 

glycosylation enzymes engenders a release of protons within the Golgi lumen and 

participates in its acidification (80). With the hypothesis that several H+ ions are 

exchanged for a single Ca2+ or Mn2+ cation, Gdt1p would import Ca2+ and Mn2+ cations and 

export H+ in an energetically favorable manner. In those conditions, Gdt1p supports 

Pmr1p in the loading of the Golgi lumen with Ca2+ and Mn2+. Furthermore, the presumed 

H+ leak system that participates in the efflux of H+ out of the Golgi could get the assistance 

of Gdt1p for this purpose. Right part: During glucose deprivation, yeast cells get their 

cytosol acidified because the plasma membrane Pma1p H+-ATPase and the secretory 

pathway/vacuolar V-ATPase are unable to export protons out of the cytosol. In parallel, 

the glycosylation process is shut down. As some passive equilibration mechanisms are 

still present, the Golgi to cytosol pH gradient and the membrane potential will decline 

until they are neutralized. When glucose is added back, the cytosolic pH increases rapidly 

(Figure 26C). As a result, Gdt1p could revert its transport activity to take advantage of the 

Ca2+ and Mn2+ gradients that are reminiscent from earlier period and/or regenerated by 

Pmr1p, to import protons from the cytosol to the Golgi lumen. Gdt1p would therefore 

participate in the maintenance of some acidity within the Golgi lumen. 
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b. Prediction of Gdt1p transport stoichiometry 

As we postulated that Gdt1p can act as a Ca2+-Mn2+/H+ exchanger, the 

transport stoichiometry appears as an important question. By using the 

Gibbs equation, we can analyze the different possibilities from a 

thermodynamic point of view. Of course, all the parameters are not precisely 
known. Especially, little is known regarding the Mn2+ concentrations, both in 

the cytosol and in the Golgi lumen. Next, even if predicted as slightly positive 

inside, the Golgi membrane potential has never been recorded in yeast cells. 

Therefore, we will only consider Ca2+/H+ exchange in the following 

calculations, and we will arbitrary assume a null membrane potential. 

Gibbs equation: ΔG = 2.303 R T log(CGolgi/Ccytosol) + Z F ΔV 

Where:  ΔG: free-energy change (kJ/mol) 

 R: gas constant (kJ/(mol*K)) 

 T: temperature (K) 

 CGolgi: concentration of the considered ion in the Golgi 

 Ccytosol: concentration of the considered ion in the cytosol 

 Z: charge of the considered ion 

 F: Faraday’s constant (kJ/(mol*K)) 

 ΔV: membrane potential (V) 

For the transport to be thermodynamically favorable: ΔG = ΔGCa2+ + x ΔGH+ ≤ 0 

Where “x” represents the number of H+ ions exchanged for one Ca2+ cation 

At steady-state, considering that pHcytosol = 7.3 (Figure 26A) ; pHGolgi = 6.7 (Figure 

26B) ; [Ca2+]cytosol = 100 nM (Figure 6) ; [Ca2+]Golgi = 100 µM (Figure 6) ; ΔV = 0. 

The Gibbs equation becomes: 

2.303 R T log (10-4/10-7) + Z F 0 ≤ - x 2.303 R T log (10-7.3/10-6.7) + Z F 0 

Hence leading to: x ≥ 5 

Suggesting that the energy provided by the efflux of five H+ ions from the 

Golgi lumen to the cytosol would be required to import a single Ca2+ cation 

during steady-state growth. Again, as we had to arbitrary choose the 

[Ca2+]Golgi and the Golgi membrane potential, such estimation has to be taken 
with caution. 

During glucose pulse experiment, the pH gradient is reduced, but the Ca2+ 

gradient could be maintained, hence leading to feasible reverse transport 
activity. 
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c. As many membrane transporters, Gdt1p is regulated by its 

substrates 

The transcriptional and the post-translational regulation of transporters by 

their own substrate is a usual loop control system. It is easy to understand 

for plasma membrane transporters since cells have to avoid 
overaccumulation of potentially toxic compounds (298) or, for fitness 

purposes, to favor preferential nutrients when available (297). If plasma 

membrane selectivity cannot adequately control the influx of chemicals, then 

transporters from intracellular compartments can sometimes compensate. 

Apart, extracellular fluid that is internalized by endocytosis finally ends up 

in the lumen of the endomembrane system, via the endocytic route, the 

recycling pathway, and the anterograde route. Consequently, organellar 

transporters should be controlled accordingly, either overexpressed or 

downregulated. 

Here, we are the witnesses of Gdt1p regulation by two of its substrates, the 

Ca2+ and Mn2+ cations. Surprisingly, the addition of the two cations have an 

opposite effect on Gdt1p cellular abundance. While Ca2+ rather increases 
Gdt1p level, Mn2+ addition, from a certain concentration threshold, causes a 

fast drop of Gdt1p amount. As the two cations are expected to be transported 

by Gdt1p in the same direction, as stated from competition transport assays 

(92), it is difficult to draw a single model to explain the two opposite 
regulatory effects. 

The most spectacular observation is the rapid targeting of Gdt1p to the 
vacuole upon high Mn2+ exposure. Gdt1p degradation is even combined with 

a transcriptional downregulation. The manganese transition metal, while 

essential for various cellular processes and helpful to neutralize reactive 
oxygen species (257), becomes very harmful at high concentration (321-

323). Hence, cells probably evolved control mechanisms to avoid excessive 

cellular Mn2+ entry. Of course, Gdt1p resides in intracellular compartments. 

When there is high extracellular Mn2+, we assume that [Mn2+] increases in 

the cytosol too. Pmr1p probably accentuates its pumping towards the Golgi 

lumen, as a detoxification mechanism. In parallel, the retrograde trafficking 

maybe brings extracellular Mn2+ into the Golgi lumen. If the Mn2+ 
concentration increases substantially in the Golgi lumen, one could imagine 

that the cell has to protect itself against putative Gdt1p-mediated Mn2+ 

leakage from the Golgi to the cytosol. To avoid an unconsidered Mn2+ influx 
towards the cytosol, yeast and human cells so actively kick off Gdt1p and 

TMEM165 out of their Golgi membrane. Nonetheless, only direct Golgi [Mn2+] 

quantification and in vivo Gdt1p-mediated Mn2+ transport measurements in 

yeast could undeniably prove this hypothesis. 
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Regarding Ca2+-dependent Gdt1p regulation, the explanation is less 

straightforward. On one side, the increase of Gdt1p abundance upon Ca2+ 

addition in pmr1Δ cells could simply be a way for yeast cells to compensate 
for the loss of Pmr1p. However, as this increase of Gdt1p abundance upon 

Ca2+ addition is not observed in the wild type strain (133) and as Mn2+ 

addition engenders the opposite trend, this explanation is not completely 

satisfying. On the other side, it is suspected that Ca2+ supplementation, by 

fastening membrane fusion and fission events, increases the flux of vesicular 

trafficking, redistributes Mn2+ in the Golgi saccules and improves the 

glycosylation process (89). If Gdt1p is involved in membrane fusion or fission 

events via controlled Ca2+ influx or efflux from Golgi compartments, its 

overexpression in high Ca2+ feed conditions, by supporting a as performant 

as possible intra-Golgi trafficking, could represent a fitness advantage. 
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3. The degradation of organellar resident proteins is 

poorly characterized 

Trafficking of proteins in the secretory pathway has been extensively 

studied. It was even awarded by the 2013 Nobel Prize of Physiology and 

Medicine to J. Rothman, R. Schekman and T. Südhof for “their discoveries of 

machinery regulating vesicle traffic”. However, most of the discoveries about 

the secretory pathway operations relate the trafficking of proteins that only 
transit through the secretory pathway.  

Trafficking routes responsible for the degradation of organellar resident 

proteins are less known, even though few examples popped up in the 

literature in last years. For examples, the degradation of proteins from the 

inner nuclear membrane implies an ubiquitylation step before degradation 

(324, 325), the ERAD pathway is also involved in the degradation of correctly 

folded and active ER resident proteins (326) and there are vacuolar 
membrane proteins that undergo vacuolar degradation when required (327, 

328). Regarding Golgi localized proteins, the ubiquitin ligase Tul1p is 

putatively implicated in the proteostasis of this organelle (276, 295) but its 

exact role is not clear. Besides, some Golgi proteins enter the proteasomal 

degradation pathway (275). Overall, there is no canonical degradation 

process for Golgi proteins to date. 

In this study, we aimed at identifying actors involved in Gdt1p degradation 

process. As a matter of fact, Gdt1p is degraded at the vacuole in a TUL1-

independent manner. Its degradation implies trafficking via the MVB en route 

to the vacuole and is slightly slowdowned in rsp5 depleted cells. Except for 

those observations, little has been uncovered regarding the degradation 

route of Gdt1p. Notwithstanding, the fast and efficient degradation of Gdt1p 

upon Mn2+ addition still suggests that an active degradation process is 
triggering Gdt1p depletion. 
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Conclusion 

In this study, we investigated two important aspects of Gdt1p physiological 

function, its transport activity and its regulatory mechanisms. 

The initial assumption being that Gdt1p exchanges cations against H+ across 

the Golgi membrane, we developed several measurement strategies to study 

it. Thanks to its heterologous expression in L. lactis, we could emphasize that 

Gdt1p is actually able to convey H+ ions across biological membranes. 
Furthermore, we endorsed that Gdt1p operates as a Ca2+-Mn2+/H+ exchanger. 

To get more clues about the physiological role of Gdt1p, we developed a 
Golgi-localized pH sensor for S. cerevisiae based on the genetically encoded 

pHluorin (234). Its fluorescence level had to be increased by means of some 

specific mutations to become suitable for measurements in the tiny Golgi 

organelle. By fusing the probe to the transmembrane span of a Golgi-resident 

glycosylation enzyme, we could target the chimeric protein to the cis- and 
medial-Golgi lumen. 

However, in vivo pH measurements could not completely unravel the role of 

Gdt1p at the Golgi membrane. We presume that Gdt1p plays subtle roles for 

Golgi pH, [Ca2+] and [Mn2+] homeostasis, whether in terms of timing of 

activation or because of putative reversible transport activity, according to 
the relative transmembrane concentration gradients. 

Anyway, our results shed light on the mechanism of transport of GDT1 family 

members. It emphasizes the roles of Golgi localized yeast Gdt1p, human 

TMEM165 and plant PML3 for Golgi homeostasis, and bring clues to deeper 
characterize the function and the transport parameters of plasma membrane 

localized or chloroplast localized GDT1 orthologs, in bacteria, archaea or 

plants. 

Eventually, Gdt1p degradation represents a very nice case study to get more 

understanding about Golgi proteostasis. Indeed, the rapid and efficient 

depletion of Gdt1p upon extracellular Mn2+ addition suggests that active and 
accurate degradation processes are present at the Golgi. While secretory 

pathway resident proteins are usually tightly maintained at their proper 

localization, equally strong catching mechanisms seem implicated in the 

retrieval of Golgi proteins when it is requested by the cell. Hence, Gdt1p 

degradation process could be representative for widespread organellar 

proteostasis mechanisms.  



128 
 

Perspectives 

During this research project, significant advances were achieved regarding 

Gdt1p physiological functions elucidation. Nevertheless, much remains to be 

uncovered to completely understand the roles of Gdt1p, TMEM165 and other 

GDT1 orthologs in various organisms. If this protein family has been so 

widely conserved, it is because GDT1 family members confer a real evolutive 

advantage to their host organisms. Hence, many questions could be 
addressed in the future. 

To have a better comprehension of Gdt1p transport mechanism, it would be 

extremely valuable to make use of in vitro analytical methods. For this 

purpose, Gdt1p should be overexpressed, purified and reconstituted into 

model membranes. In our laboratory, several researchers are currently 

working on this objective with Gdt1p and TMEM165 proteins. Sometimes, 
the use of thermophilic orthologs has also proven to be beneficial because 

their inherent thermostability eases the segregation of exogenous from 
endogenous proteins during the purification process. 

Once proteins are integrated into liposomes, it allows the completion of 

direct transport assays. The heterologous expression system we used in this 

thesis, i.e. the use of L. lactis bacteria, was already convenient, but has some 

drawbacks such as the impossibility to control the chemical composition at 

both sides of the lipid bilayer or the presence of endogenous membrane 

proteins. Hence, it is quite difficult to determine several transport 
characteristics such as the stoichiometry, the pH optimum or some kinetic 

parameters. In vitro transport assays can overtake most of those obstacles. 

As an alternative to protein overexpression and purification, cell-free protein 

translation could also be a good way to obtain pure protein preparations for 
transport assays (329, 330). 

The preparation of purified protein samples is also a prerequisite for 
structural analysis. If some tridimensional data could be obtained, it would 

gain substantial insights into GDT1 family members function. Next to the 

achievement of a complete tridimensional Gdt1p structure, other analytical 

methods, such as circular dichroism, Fourier-transform infrared 

spectroscopy, isothermal titration calorimetry, could already bring valuable 

information regarding the secondary structure modifications or the binding 

properties of our protein of interest. If set against the tridimensional Gdt1p 

structure prediction generated by the AlphaFold tool (177) or by using the 

Rosetta algorithm (331), those data could maybe bring clues to understand 

how Gdt1p/TMEM165 mutations affect protein functionality. 
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Nevertheless, in vitro measurements cannot completely elucidate the in vivo 

physiological function of any protein. All the regulatory and signaling 

processes are usually lost during in vitro assays. Among Gdt1p substrates, 
the Ca2+ cation is a well-known secondary signaling transducer (332, 333) 

and pH fluctuations occur as a response to metabolic changes (250, 334, 

335). Furthermore, Ca2+ and pH signaling seem coordinated in yeast 

intracellular signaling (207). Hence, additional cytosolic Ca2+ and pH 

measurements, for example [Ca2+] monitoring during glucose deprivation / 

re-addition or pH recordings in cells depleted for various Ca2+ extruders, 

would probably add new hints in Gdt1p comprehension. Also, we could 

perform additional Golgi pH measurements with our new probe in various 

physiological circumstances. Hence, the modulation of Ca2+ and Mn2+ Golgi 

loading when PMR1 selective mutants are expressed could maybe modify 
Gdt1p activity, leading to Golgi pH adjustments. Besides, V-ATPase activity 

can be annihilated by concanamycin A treatment. In this situation, the role of 

Gdt1p for H+ influx or efflux from Golgi compartments could be disclosed 

(161). Finally, several Gdt1p mutants affected for Ca2+ and Mn2+ transport 

have been previously identified in our laboratory (206, 208). It would be 
pertinent to test their ability to convey H+ ions. 

Conjointly, the setting of in vivo Golgi [Ca2+] measurement is still under 

investigation. Thanks to the experience we acquired during the development 

of the Golgi pH sensor, some work is undergoing to adapt available Ca2+ 

sensors for the Golgi lumen of S. cerevisiae. Three interesting candidates are 

the CEPIA probe, a CaM based fluorescent sensor composed of circularly 

permutated GFP, CaM and M13 peptide (336), the D4ER sensor, a FRET-

based Cameleon derivative (337), or the GCamP-R family, tandem constructs 

of calcium-dependent GCamP and calcium-independent mCherry (338). 

Besides, the evaluation of Mn2+ loading within the Golgi lumen would be 

extremely appreciated. We already assessed whether Golgi vesicles 
purification coupled to ICP-AES or ICP-MS analysis could be a feasible 

strategy. Harder work seems necessary to set up this experimental 

procedure. As an alternative, nanosynchrotron X-ray fluorescence and 

nanoscale secondary ion mass spectrometry (339, 340) are attractive 

methods for Mn2+ quantification in subcellular compartments. 

Eventually, Gdt1p degradation process is quite intriguing. As the most 

obvious Golgi to prevacuolar compartments trafficking pathways are not 

implied, we should look at other candidates. To do so, the implementation of 

a screening strategy is under preparation. Based on a screening methodology 

settled to study vacuolar membrane protein degradation process (328), we 

are working on the development of two complementary tools. Both implicate 

the fusion of a reporter gene to the cytosolic side of Gdt1p. Either a pH-
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sensitive fluorescent sensor, like the pHluorin we used earlier in this study, 

or an auxotrophic marker, like the Ura3p or His3p metabolic enzymes. Since 

Gdt1p is normally embedded in the Golgi membrane, the reporter proteins 
would fluoresce or would enable growth on selective medium. If Mn2+ 

induces the relocalization of the chimeric Gdt1-reporter protein into the 

vacuole lumen, those abilities would be lost. Then, by selecting or screening 

for mutants able to grow or to fluoresce upon Mn2+ exposure, the actors 

involved in Gdt1p degradation process would likely be identified. 

 

Altogether, the road to GDT1 family elucidation is still long, but it represents 

a fascinating journey with multiple outstanding points of view on the 
extremely sophisticated cellular harmony. 
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MATERIAL AND METHODS
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1. Methods regarding experiments performed with S. cerevisiae 

1.1 Plasmids 

Plasmids were obtained according to standard molecular biology protocols 
and were validated by sequencing. They are listed in Table 1. 

Table 1. Plasmids used for yeast transformation in this study. 

Plasmid Abbreviate 
construct name 

Source 

pRS315-pTPI-USER-tCYC1 Empty vector Our laboratory 
pRS315-pGDT1-MNN2(1-36)-
Gly3-HA-Gly3-AEQ-tCYC1 

Mnn2-HA-aequorin Our laboratory (Guillaume 
Poncelet Master thesis) 

pRS315-pGDT1-MNN2(1-36)-
Gly3-HA-Gly3-GAP1-tCYC1 

Mnn2-HA-GAP1 This study (Sophie 
Sluysmans Master thesis) 

pRS315-pSNA2-MNN2(1-36)-
Gly3-HA-Gly3-pHluorin-tCYC1 

Mnn2-HA-pHluorin This study 

pRS315-pSNA2-MNN2(1-36)-
Gly3-HA-Gly3-pHluorin(F64L)-
tCYC1 

Mnn2-HA-pHluorin* This study 

pRS315-pSNA2-MNN2(1-36)-
Gly3-HA-Gly3-pHluorin(F64L; 
M153R)-tCYC1 

Mnn2-HA-
pHluorin** 

This study 

pRS315-pTPI-MNN2(1-36)-
Gly3-HA-Gly3-pHluorin(F64L; 
M153R)-tCYC1 

Mnn2-HA-
pHluorin** 

This study 
 

pRS416-pTPI-GDT1(1-29)-
GFP-Gly2SerGly4SerGly2-(30-
280)GDT1-tCYC1 

Gdt1(1-29)-GFP-
(30-280)Gdt1 

This study 

pRS316-mRFP-Sed5 mRFP-Sed5 Matsuura-Tokita et al.(4) 
pRS316-mRFP-Gos1 mRFP-Gos1 Matsuura-Tokita et al.(4) 
pRS316-Sec7-mRFP Sec7-mRFP Matsuura-Tokita et al.(4) 
pZR4.1-pTEF1-pHluorin-tCYC1 pHluorin R. Rao, Baltimore, MD, USA 

(239) 
pRS41N-PMR1 Pmr1 F. Foulquier 
pRS41N-PMR1(D53A) Pmr1(D53A) F. Foulquier 
pRS41N-PMR1(D778A) Pmr1(D778A) F. Foulquier 
pRS41N-PMR1(Q783A) Pmr1(Q783A) F. Foulquier 

 

Plasmids constructed in this study for yeast transformation were mostly 

prepared in the pRS315 scaffold. The promoter was cloned in between SacI 

and NotI restriction sites, the MNN2(1-36)-Gly3-HA-Gly3-pHluorin chimeric 

sequence was obtained by triple PCR and bounded by NotI and SpeI 

restriction sites, and the tCYC1 (cytochrome C) terminator was cloned in 
between SpeI and HindIII restriction sites. Two punctual mutations (F64L 

and M153R) within the pHluorin were inserted sequentially by QuickChange 
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PCR. For GFP insertion in between amino acids 29 and 30 of GDT1, the 

construct was obtained by Gibson assembly methodology (NEB Gibson 

Assembly Protocol E5510) and cloned in pRS416 backbone. A Glycine-Serine 
linker was inserted in between the GFP C-ter and (30-280)GDT1, to move the 

GFP away from the lipid bilayer. All the primers are listed in Table 2. 

Table 2. Primers used in this study. 

Primer name Primer sequence 
NotI-MNN2_Fw 5’-CATGCGGCCGCATGCTGCTTACCAAAAGG-3’ 
MNN2-HA_Rv 5’-ACCTCCGCCGGCGTAGTCTGGGACATCGTATGGGTAACCGCC 

TCCCGACGTGTTCTCATCCAT-3’ 
HA-pHluorin_Fw 5’-GGAGGCGGTTACCCATACGATGTCCCAGACTACGCCGGCGGA 

GGTAGTAAAGGAGAACTTTTCACT-3’ 
pHluorin-SpeI_Rv 5’-CGGACTAGTTTATTTGTATAGTTCATCCAT-3’ 
pHluorin-F64L_Fw 5’-GGCCAACACTTGTCACTACTTTATCTTATGGTGTTCAATG-3’ 
pHluorin-F64L_Rv 5’-CATTGAACACCATAAGATAAAGTAGTGACAAGTGTTGGCC-3’ 
pHluorin-
M153R_Fw 

5’-TAACGAGCACTTGGTGTACATCAGGGCAGACAAACA-3’ 

pHluorin-M153R_Rv 5’- TGTTTGTCTGCCCTGATGTACACCAAGTGCTCGTTA-3’ 
IntLocHis3LEU2_Fw 5’-GCAGAAAGCCCTAGTAAAGCGTATTACAAATGAAACCAAGC 

CTTATCACGTTGAGCCATTAG-3’ 
IntLocHis3HindIII_Rv 5’-CCATTGGGCGAGGTGGCTTCTCTTATGGCAACCGCAAGAGGG 

TCGACGGTATCGATAAGCTT-3’ 
GDT1(Thr29)-GFP_ 
Rv 

5’-GAAAAGTTCTTCTCCTTTACTTGTCTCCGCATCAGTAGCTG-
3’ 

GDT1(Thr29)-GFP_ 
Fw 

5’-CAGCTACTGATGCGGAGACAAGTAAAGGAGAAGAACTTTTC-
3’ 

GFP-Linker*_Rv 5’-CGCTACCTCCGCCACCGCTGCCTCCTTTGTATAGTTCATCCA 
TGC-3’ 

Linker*-
GDT1(Ser30)_Fw 

5’-TAGCGGTGGCGGAGGTAGCGGTGGATCTATGGAATCTGGGA 
GTTC-3’ 

 

1.2 Strains 

For genomic integration of the Golgi targeted pH sensor gene, a DNA product 

of approximately 4.2 kb containing two coding sequences and their related 

promoter and terminator, pTPI-Mnn2-HA-pHluorin**-tCYC1 and pLEU2-

LEU2, was amplified by PCR from the pRS315-pTPI-MNN2(1-36)-Gly3-HA-

Gly3-pHluorin**-tCYC1 plasmid. Primers used for amplification were 

containing flanking sequences corresponding to the his3 locus (primers 

IntLocHis3LEU2_Fw and IntLocHis3HindIII_Rv) (Table 2). The PCR product 

was purified on agarose gel and used for classical yeast transformation 

according to previously described method (341), with the addition of 10% 

DMSO before transferring the cells at 42 °C. After colonies selection on the 
appropriate synthetic selection medium and to discard non transformed 

cells, colonies were picked up and plated a second time on the same selection 

medium, and a single colony was finally plated and maintained on YD plates. 
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Genomic integrations were verified by PCR. As a blank for background 

fluorescence measurements, the wild type strain was also transformed with 

the pLEU2-LEU2 selection marker only, amplified from pRS315-pTPI-USER-
tCYC1 plasmid with the same primers. 

All S. cerevisiae strains used for pH monitoring are listed in Table 3, while 
strains used in the study of Gdt1p degradation are listed in Table 4. 

 

Table 3. Yeast strains used for pH monitoring experiments. 

S. cerevisiae strain Description Source 
Wild type BY4742 BY4742 Matα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 
Euroscarf 

gdt1Δ BY4742 Matα his3Δ1 leu2Δ0 
lys2Δ0 ura3Δ0 gdt1::KanMX4 

Euroscarf 

vma13Δ BY4742 Matα his3Δ1 leu2Δ0 
lys2Δ0 ura3Δ0 vma13::KanMX4 

Euroscarf 

vma13Δgdt1Δ BY Mata his3Δ1 leu2Δ0 lys2Δ0 
ura3Δ0 vma13::KanMX4 
gdt1::KanMX4 

Our laboratory 

Wild type 
Mnn2-HA-pHluorin** 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 his3Δ1::LEU2-pTPI-MNN2-
HA-pHluorin**-tCYC1  

This study 

Wild type  
+ integrated selection marker 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 his3Δ1::LEU2  

This study 

gdt1Δ 
Mnn2-HA-pHluorin** 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 his3Δ1::LEU2-pTPI-MNN2-
HA-pHluorin**-tCYC1 
gdt1::KanMX4 

This study 

vma13Δ 
Mnn2-HA-pHluorin** 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 his3Δ1::LEU2-pTPI-MNN2-
HA-pHluorin**-tCYC1 
vma13::KanMX4 

This study 

vma13Δgdt1Δ 
Mnn2-HA-pHluorin** 

BY Mata leu2Δ0 lys2Δ0 ura3Δ0 
his3Δ1::LEU2-pTPI-MNN2-HA-
pHluorin**-tCYC1 vma13::KanMX4 
gdt1::KanMX4 

This study 

vph1Δ 
Mnn2-HA-pHluorin** 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 
his3Δ1::LEU2-pTPI-MNN2-HA- 
pHluorin**-tCYC1 vph1::KanMX4 

This study 

vph1Δgdt1Δ 
Mnn2-HA-pHluorin** 

BY Matα leu2Δ0 lys2Δ0 ura3Δ0 
his3Δ1::LEU2-pTPI-MNN2-HA-
pHluorin**-tCYC1 vph1::KanMX4 
gdt1::KanMX4 

This study 

stv1Δ 
Mnn2-HA-pHluorin** 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 his3Δ1::LEU2-pTPI-MNN2-
HA-pHluorin**-tCYC1 
stv1::KanMX4 

This study 
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stv1Δgdt1Δ 
Mnn2-HA-pHluorin** 

BY Mata leu2Δ0 lys2Δ0 ura3Δ0 
his3Δ1::LEU2-pTPI-MNN2-HA-
pHluorin**-tCYC1 stv13::KanMX4 
gdt1::KanMX4 

This study 

kha1Δ 
Mnn2-HA-pHluorin** 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 his3Δ1::LEU2-pTPI-MNN2-
HA-pHluorin**-tCYC1 
kha1::KanMX4 

This study 

pmr1Δ 
Mnn2-HA-pHluorin** 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 his3Δ1::LEU2-pTPI-MNN2-
HA-pHluorin**-tCYC1 
pmr1::KanMX4 

This study 

pmr1Δgdt1Δ 
Mnn2-HA-pHluorin** 

BY Mata leu2Δ0 lys2Δ0 met15Δ0 
ura3Δ0 his3Δ1::LEU2-pTPI-MNN2-
HA-pHluorin**-tCYC1 
pmr1::KanMX4 gdt1::KanMX4 

This study 

vcx1Δ 
Mnn2-HA-pHluorin** 

BY4742 Matα leu2Δ0 lys2Δ0 
ura3Δ0 his3Δ1::LEU2-pTPI-MNN2-
HA-pHluorin**-tCYC1 
vcx1::KanMX4 

This study 

vcx1Δ/gdt1Δ 
Mnn2-HA-pHluorin** 

BY Matα leu2Δ0 lys2Δ0 ura3Δ0 
his3Δ1::LEU2-pTPI-MNN2-HA-
pHluorin**-tCYC1 vcx1::KanMX4 
gdt1::KanMX4 

This study 

 

Table 4. Yeast strains used for Gdt1p degradation experiments. 

S. cerevisiae strain Description Source 
Wild type BY4741 BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0 
Euroscarf 

gdt1Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 gdt1::KanMX4 

Euroscarf 

pmr1Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 pmr1::KanMX4 

Euroscarf 

pmr1Δgdt1Δ BY Matα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
pmr1::KanMX4 gdt1::KanMX4 

Our laboratory 

smf2Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 smf2::KanMX4 

Euroscarf 

smf2Δpmr1Δ BY Matα his3Δ1 leu2Δ0 ura3Δ0 
smf2::KanMX4 pmr1::KanMX4 

Our laboratory 

apm1Δ BY4742 Matα his3Δ1 leu2Δ0 lys2Δ0 
ura3Δ0 apm1::KanMX4 

Euroscarf 

apm3Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 apm3::KanMX4 

Euroscarf 

apm1Δapm3Δ BY Mata his3Δ1 leu2Δ0 met15Δ0 lys2Δ0 
ura3Δ0 apm1::KanMX4 apm3::KanMX4 

Our laboratory 

pep12Δ BY4742 Matα his3Δ1 leu2Δ0 lys2Δ0 
ura3Δ0 pep12::KanMX4 

Euroscarf 

pep4Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 pep4::KanMX4 

Euroscarf 

atg1Δ BY4742 Matα his3Δ1 leu2Δ0 lys2Δ0 
ura3Δ0 atg1::KanMX4 

Euroscarf 
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atg2Δ BY4742 Matα his3Δ1 leu2Δ0 lys2Δ0 
ura3Δ0 atg2::KanMX4 

Euroscarf 

npi1-1 (rsp5) BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 PromoterRSP5::KanMX 

B. André, ULB, 
Belgium 

bul1Δbul2Δ BY Mata his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
bul1::KanMX4 bul2::KanMX4 

Our laboratory 

bul1Δbul2Δpep4Δ BY Mata his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
bul1::KanMX4 bul2::KanMX4 
pep4::KanMX4 

Our laboratory 

bsd2Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 bsd2::KanMX4 

Euroscarf 

tul1Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 tul1::KanMX4 

Euroscarf 

EN60 BY4742 Matα hi3Δ1 leu2Δ0 ura3Δ0 
ecm21::G418 bsd2 rog3::NatMX rod1 
ygr068c aly2 aly1 ldb19 ylr395c::SpHIS5 

H. Pelham, 
MRC, UK 

gga1Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 gga1::KanMX4 

Euroscarf 

gga2Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 gga2::KanMX4 

Euroscarf 

gga1Δgga2Δ Σ1278b ura3Δ0 gga1::KanMX 
gga2::KanMX 

B. André, ULB, 
Belgium 

gga1Δgga2Δapm1Δ Σ1278b ura3Δ0 gga1::KanMX 
gga2::KanMX apm1::HygroR 

B. André, ULB, 
Belgium 

doa4Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 doa4::KanMX4 

Euroscarf 

vps27Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 vps27::KanMX4 

Euroscarf 

hse1Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 hse1::KanMX4 

Euroscarf 

vps23Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 vps23::KanMX4 

Euroscarf 

vps36Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 vps36::KanMX4 

Euroscarf 

vps24Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 vps24::KanMX4 

Euroscarf 

ear1Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 ear1::KanMX4 

Euroscarf 

rcr1Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 rcr1::KanMX4 

Euroscarf 

rcr2Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 rcr2::KanMX4 

Euroscarf 

arf2Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 arf2::KanMX4 

Euroscarf 

ssh4Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 ssh4::KanMX4 

Euroscarf 

end3Δ BY4741 Mata his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 end3::KanMX4 

Euroscarf 

sna1Δsna2Δsna3Δsna4Δ BY Matα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
sna1::URA3 sna2::HIS3 sna3::KanMX4 
sna4::KanMX4 

Our laboratory 
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1.3 Growing conditions 

Non-transformed yeast cells were routinely cultured at 28 °C in YD medium 

(2% yeast extract KAT, 2% glucose) under agitation. Cells transformed with 

plasmids were grown at 28 °C in SD (Synthetic defined) minimal medium 

(0.7% yeast nitrogen base without amino acids (Difco), 2% glucose, 

supplemented with all amino acids except the ones used as selection marker 

for plasmid maintenance) with agitation. For pRS41N plasmid maintenance, 
Nourseothricin was added at 100 µg/ml (Jena Bioscience 96736-11-7). Solid 

media were produced by addition of 2% agar to the mixture. For fluorimeter 

measurements, cells were grown in Low Fluorescence SD minimal medium 
(0.7% yeast nitrogen base without amino acids, riboflavin, and folic acid 

(ForMedium, Ref CYN65), 2% glucose, all amino acids except for those used 

as selection marker, 50 mM MES pH 5.0, filter-sterilized). 

1.4 Fluorescence microscopy and co-localization measurements 

Pictures were obtained using a Zeiss Axio Observer 7 inverted epifluo-

rescence microscope with a 100x oil immersion objective (Alpha Plan-

Apochromat 100x/1.46 Oil) and were taken with Hamamatsu ORCA-Flash 

4.0 LT sCMOS camera driven by Zen2.3 Pro software. Pictures were analyzed 

with Fiji/ImageJ 2.0.0-rc-69. Yeast cells were grown in synthetic medium and 

imaged in mid-log phase (OD600 = 2.0 - 4.0; an OD600 of 1.0 corresponds 

approximately to 107 cells/ml). For imaging, they were directly mounted on 
a glass slide coated with a thin layer of agarose 1.5%. 

For co-localization measurements with Golgi markers, cells were fixed with 

a solution of 4% paraformaldehyde in PBS during 20 min at 28 °C, then 
washed twice with 100 µl of PBS and mounted for imaging. Only cells 

expressing sufficiently the Golgi markers were considered for colocalization 

quantification. 

For endosomes detection, FM4-64 was used (342). To do so, 1 ml of culture 

was collected by centrifugation and resuspended in 100 µl of fresh YD and 
1 µl of 16 mM FM4-64 was added to the cell suspension. Cells were incubated 

during 20 minutes at 28°C, then mounted for immediate imaging. 

Alternatively, cells stained with FM4-64 were fixed with paraformaldehyde 

prior to imaging to be consistent with the quantification performed with 

Golgi markers. In this case, 1 ml of culture collected by centrifugation was 

resuspended in 100 µl of YD at 4 °C and 2 µl of 16 mM FM4-64 was added to 

the cell suspension. Cells were then incubated for 20 min on ice to allow FM4-
64 to accumulate in the plasma membrane. They were then collected by 

centrifugation, resuspended in 100 µl of PBS and incubated for 5 min at 30 °C 

for FM4-64 to be internalized in endosomes. Cells were collected again and 
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washed with 100 µl of PBS at 4 °C. Finally, cells were fixed with a solution of 

4% paraformaldehyde in PBS during 20 min on ice, then washed twice with 

50 µl of PBS at 4 °C and mounted for imaging, which was performed in the 
following hour. 

For vacuolar membrane staining, FM4-64 was pulse-chased. Briefly, 5 ml of 
cell culture was collected by centrifugation. Cells were resuspended in 100 µl 

of fresh medium and 1 µl 16 mM FM4-64 was added. Cells were incubated 

during 15 minutes at 30 °C with mild agitation (pulse), then centrifuged and 

washed twice with 1 ml of fresh medium. Finally, cells were again incubated 

for 30 to 45 minutes at 30 °C with mild agitation (chase), and then prepared 

for imaging. 

To quantify the co-localization, an object-based method based on the centers 

of mass – particle coincidence was performed using the JACoP plugin (343). 

Prior to the plugin application, images were treated to identify the vesicles 

via the “Find maxima” tool, with the prominence value being manually 

adjusted for each picture, in order to get most of the visible vesicles and to 

avoid false positive dots. All the maxima were then resized to have a radius 
of 4 pixels and images generated in this way were then analyzed with the 

JACoP plugin. Representative images were background-subtracted with a 
rolling ball radius of 10-20 pixels and smoothed. 

1.5 Yeast subcellular fractionation 

Subcellular fractionation was performed as in Demaegd et al. (90), with 
slight modifications. The discontinuous sucrose gradient was prepared with 

9 layers of 1.2 ml ranging from 22 to 54%, and 2.4 ml of the cell lysate was 

loaded at the top of the gradient. After ultracentrifugation, fractions of 1.2 ml 

were collected from the top of the gradient, were gently mixed with 300 µl of 

50% glycerol, and were analyzed by immunoblotting or used for subsequent 
topology assay. 

1.6 Golgi protein topology assay 

Golgi enriched fractions obtained by subcellular fractionation were 
submitted to trypsin or proteinase K digestion, with two similar protocols.  

When trypsin was used, 35 µl of Golgi-enriched fractions were incubated for 

1 hour at 25°C in a final volume of 50 µl containing 0.1 mg/ml of trypsin. 

When needed, Triton X-100 was added to a 1% (v/v) final concentration. For 

the negative control, the Golgi-enriched fractions were pre-incubated for 10 

min at room temperature with a trypsin inhibitor mixture (10 mM PMSF, 

0.05 mg/ml trypsin inhibitor (Type I-S; Sigma) and a protease inhibitor 

cocktail (PIC; Sigma) containing a final concentration of 8 µg/ml leupeptin, 
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aprotinin, antipain, pepstatin, and chymostatin). At the end of all the 

experiments, trypsin digestion was stopped by addition of the trypsin 

inhibitor mixture for 10 min, followed by addition of Triton X-100 to a 1% 
(v/v) final concentration. The resulting samples were analyzed by SDS-PAGE 

and western blotting. 

When proteinase K was used, 15 µl of sample were incubated for 1 hour at 

30 °C in a final volume of 40 µl containing 1 µg/ml of proteinase K, 1 mM 

CaCl2, 50 mM Tris pH 7.6. When needed for the negative control, Triton X-

100 was added to a 1% (v/v) final concentration. For the control with 

inhibitors, the Golgi enriched fractions were pre-incubated for 10 min at 

room temperature with a protease inhibitor mixture (2.5 mM PMSF and a 

protease inhibitor cocktail with 16 µg/ml leupeptin, aprotinin, antipain, 

pepstatin, and chymostatin, final concentrations). At the end of the 

experiment, digestion was stopped by the addition of the protease inhibitor 

mixture to all the samples, then incubated for 10 min at room temperature, 

followed by the addition of 15 µl of sample buffer 4x concentrated preheated 

at 85 °C and incubated for an additional 10 min at 85 °C with mixing. The 
resulting samples were analyzed by SDS-PAGE and western blotting. 

1.7 Fluorimeter and in vivo pH calibration in yeast 

Data were recorded using a JASCO FP8500 fluorimeter controlled by the 

Spectra Manager software. To convert the fluorescence measurements into 

pH values, in vivo calibration of the probe was performed. For this purpose, 

100 ml of cell culture were grown in Low Fluorescence synthetic medium 
until OD600 = 3.0. Cells were collected by 3 min centrifugation at 1,800 x g, 

were washed twice with 50 ml PBS and finally resuspended in 10 ml PBS 

supplemented with 0.16% digitonin. Cells were then incubated for 8 min at 
room temperature with mild agitation on a rocking table. Cells were collected 

again by 3 min centrifugation at 1,800 x g, were resuspended in 10 ml PBS 

pre-cooled at 4 °C and were aliquoted into 1 ml fractions in 2-ml microtubes. 

Aliquots were centrifuged during 3 min at 4,000 x g at 4 °C and cells were 

resuspended in 2 ml of the appropriate pH buffer (mix of citric acid 0.1 M – 

Na2HPO4 0.2 M in adequate proportion). They were incubated for 10 min at 

room temperature, before being transferred into cuvettes for excitation 
spectra measurement. Emission intensity was measured at 507 nm during 

excitation from 360 to 490 nm (5 nm bandwidths, scan speed: 200 nm/min). 

The background fluorescence of cells transformed with an empty plasmid 
and treated in an identical way was subtracted from all these spectra, and the 

ratio of fluorescence emitted during excitation at 400 and 480 nm was 

plotted against pH value. Finally, a sigmoidal four-parameter logistical curve 

was drawn through the experimental dots and used for subsequent 

determination of Golgi pH. For cytosolic pHluorin calibration, the protocol is 
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slightly different, as described in (133), because digitonin is added at 0.01% 

final concentration to permeabilize the plasma membrane. 

1.8 Golgi and cytosol pH measurements at steady-state or 

during glucose pulse 

Yeast cells expressing the Mnn2-HA-pHluorin** protein for Golgi pH 

measurements or the native pHluorin adapted to cytosolic pH 

measurements (239) were grown at 28 °C in Low Fluorescence synthetic 
medium. For Golgi pH measurements, 12 ml of cells were grown. When the 

OD600 reached 2.8 - 3.2, the appropriate volume to get 30 OD600 equivalent 

was collected by 5 min centrifugation at 1,500 x g (swinging rotor). For 

steady-state pH measurements, cells were immediately resuspended in 2 ml 
of fresh medium pre-warmed at 28 °C, the cell suspension was then 

transferred into a cuvette with a magnetic stirrer rotating at 300 rpm and 

fluorescence was measured in the fluorimeter set at 28 °C. The signal was 

recorded at 507 nm during excitation from 360 to 490 nm (5 nm bandwidths, 

scan speed: 200 nm/min). For glucose pulse measurements, the protocol is 

based on the procedure described by Tarsio et al. (39). Cells collected were 
washed twice with 10 ml of Low Fluorescence synthetic medium without 

glucose pre-cooled at 4 °C, and finally resuspended in 10 ml of the same 

medium. Cells were then incubated on ice during 30 min to starve them from 

glucose. Alternatively, cells were deprived of glucose during 60 min at 28 °C 

(233, 249). After this starvation period, they were collected by 

centrifugation, resuspended in 2 ml of Low Fluorescence synthetic medium 

without glucose pre-warmed at 28 °C and incubated during 5 min in a water-
bath at 28 °C. Then, 1.8 ml was transferred into a cuvette with a magnetic 

stirrer rotating at 300 rpm and fluorescence was measured in the fluorimeter 

set at 28 °C. The signal was recorded at 507 nm during alternate excitation 

at 400 and 480 nm. After 120 sec of baseline recording, 200 µl of 

20% glucose was added in the cuvette and the measurement was continued 

up to 10 min. For cytosolic pH measurements, the same protocol was used, 

except that 5 ml of cells were grown and collected by centrifugation, and that 

cells were resuspended every time in 5 ml of fresh medium. For all 

experiments, background fluorescence of cells transformed with an empty 

vector and treated similarly was also measured and subtracted as a blank 

from raw data. The 400/480 nm excitation ratio was finally converted into 

pH value. 

1.9  Total protein extraction 

For total protein extraction from yeast cells, two distinct protocols were 

used. Commonly, cells grown to mid-log exponential phase (OD600 ≈ 3.0) 
were collected by centrifugation. Then, they were washed with 1 ml ice-cold 
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water and finally resuspended in 250 µl MBS breaking buffer (250 mM 

sorbitol, 0.2 g/L MgCl2.6H20, 50 mM imidazole pH 7.5, 1 mM PMSF freshly 

prepared, protease inhibitor cocktail 1:2000) in 2-ml microtubes. Two 
hundred milligrams of acid-washed glass beads (425-600 µm) were added 

and cells were strongly mixed by vortexing for 8 x 30 sec (15 sec on ice in 

between vortexing periods). Then, cells were centrifuged again for 20 sec at 

5,000 rpm in a benchtop centrifuge set at 4 °C. The supernatant (150 µl) was 

collected and used for subsequent protein quantification, SDS-PAGE, and 

western blotting. 

Alternatively, protein extraction from cells exposed to high Mn2+ was 

performed in a different manner, as the classical “MBS” extraction protocol 

could not completely avoid protein degradation in those protein extracts. To 

do so, proteins were rapidly precipitated by the addition of trichloroacetic 

acid (TCA) during cell lysis. Again, cells were collected in mid-log exponential 

phase and washed with 2 ml ice-cold water. Then, cells were resuspended in 

2-ml microtubes with 300 µl TCA buffer (25 mM NH4Ac, 1 mM Na2EDTA, 

10 mM Tris-HCl (pH 8.0), 10% trichloroacetic acid). Two hundred milligrams 

of acid-washed glass beads (425-600 µm) were added, and cells were 
submitted to 5 x 1 min vortexing (with 2 min breaks on ice). The cell lysate 

was then transferred in a new microtube and centrifugation was performed 

for 10 min at 16,000 x g at 4 °C. The supernatant was throwed away and the 

pellet was resuspended with 200 µl resuspension buffer (3% SDS, 0.1 M Tris-

HCl pH 11.0). Samples were heated for 5 min at 65 °C, then centrifuged for 

30 sec at 16,000 x g and 150 µl of supernatant was collected in a new 

microtube for subsequent protein quantification, SDS-PAGE, and western 
blotting. 

1.10 GDT1 mRNA level measurement by RT-qPCR 

Total RNA extraction was performed from about 1.5 x 108 cells with the 

RNeasy Mini Kit (Qiagen, Ref. 74104). Then, cDNA were produced from RNA 

samples using a M-MLV Reverse Transcriptase (Promega, Ref. M1701). To do 

so, 100 ng to 2 µg total RNA are mixed with 2 µl oligo dT 50 µM, heated for 

5 min at 70 °C and then cool downed for 5 min on ice. The samples were then 

mixed with 8 µl of a reverse transcriptase mix (5 µl M-MLV buffer, 1.25 µl 
10 mM dNTPs, 0.625 µl Recombinant RNasin Ribonuclease inhibitor, 1 µl M-

MLV reverse transcriptase), heated for 5 min at 25 °C, then heated for 60 min 

at 45 °C and finally heated for 56 min at 80 °C to inactivate the enzyme. Next, 
cDNA were purified with a PCR CleanUp kit (Macherey-Nagel, Ref. 

740609.250) with elution performed twice with 25 µl of nuclease-free water 

at 65 °C. 
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For the qPCR analysis, two pairs of primers were used to quantify GDT1 

mRNA and two reference genes were used, TAF10 and FPR2. Primers 

sequences are given in Table 5. The ΔΔCt methodology was used for relative 
quantification of GDT1 expression at different time points after Mn2+ 

addition, compared to the condition without Mn2+. Practically, 5 µl of primers 

premix at 1.2 µM were mixed with 5 µl of cDNA (commonly diluted 25x) and 

10 µl of SYBR Green 2x Master Mix (Eurogentec), with technical triplicates. A 

StepOnePlus thermocycler (Applied Biosystems, ThermoFisher Scientific) 

was used with the following program: 10 min at 95 °C, 40x [15 sec at 95 °C, 

1 min at 60 °C]. The threshold cycle (Ct) was arbitrarily measured when ΔRn 

equal 0.1. At the end of every experiment, melting curves were measured to 

check primers specificity (heating from 60 to 95 °C at a speed of 0.3 °C/sec). 

Table 5. Primers used for qPCR. 

Primer identity Primer length Sequence (5’ → 3’) 
GDT1-Fw2 20 TTCAGCCGTTGCTTTTCTTT 
GDT1-Rv2 20 AGTGTCGCCTCCTTTTTCAA 
GDT1-Fw6 22 GGCGACACTGCGTATGATAAAC 
GDT1-Rv6 22 TAGCTCGCCTAGGAAAACCATC 
TAF10-Fw 22 AGCAGATGTACGAGTGAAACGA 
TAF10-Rv 20 CGCCTGACTGTTGTTAGCAT 
FPR2-Fw2 20 AGGCAATGCCAGGTGATAAA 
FPR2-Rv2 20 AATTACTCTGCCAACGCCAA 

 

2. Methods regarding experiments performed with L. lactis 

 

2.1 Strain and plasmids 

For expression of the sfpHluorin (38) in DML1 L. lactis cells (344) (gift from 

B. Poolman, Groningen, Netherlands), the gene was cloned in between NcoI 

and HindIII restriction sites of the pNZ8048 plasmid, with addition of one 

extra glycine after the Start codon standing within the NcoI restriction site. 

Therefore, the gene is under the control of pNisA promoter. For concomitant 

expression of GDT1 and sfpHluorin, both genes were inserted in the same 

plasmid in an operon-like manner with an intergenic sequence in between 

the two coding sequences (intergenic sequence: AAAAATAAAGAGAGGAAAA 

AAAAC). Note that a NcoI restriction site initially present in the original GDT1 

sequence was removed by silent mutation. To express GDT1 alone, it was 
cloned in between SphI and HindIII restriction sites. 

2.2 L. lactis cultivation and GDT1 and sfpHluorin induction 

L. lactis cells were usually cultivated in anaerobic conditions, except if 

otherwise stated. They were grown at 28 °C in M17 broth according to 
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Terzaghi (Merck Millipore) supplemented with 1 % glucose and with 

10 µg/ml chloramphenicol for pNZ8048 plasmid maintenance. Expression of 

genes under the control of the pNisA promoter was induced by 2.5 µg/liter 
nisin addition during log growth phase (OD600 = 0.4–0.5) and the culture was 

extended for two additional hours before harvesting cells. For anaerobic 

growth, fully filled closed tubes were used, with no agitation. In case the 

sfpHluorin was produced, cell cultivation was performed in aerobic 

condition during the induction period. There, half-filled slightly open tubes 

were used, with agitation, to ease sfpHluorin folding and expression.  

Table 6. Plasmids used for L. lactis transformation in this study. 

Plasmid Abbreviate 
construct name 

Source 

pNZ8048-pNisA-empty C- B. Poolman, Groningen, 
Netherlands 

pNZ8048-pNisA-GDT1 GDT1 Our laboratory 
pNZ8048-pNisA-sfpHluorin sfpHluorin This study 
pNZ8048-pNisA-GDT1-
intergenic sequence-sfpHluorin 

GDT1 + sfpHluorin This study 

 

2.3 In vivo sfpHluorin calibration 

For in vivo calibration of the sfpHluorin in L. lactis, 200 ml of cell suspension 

were harvested by 5 min centrifugation at 1,500 x g at 28 °C. Cells were 

washed twice with 15 ml of washing buffer (100 mM KCl, 1 mM EGTA, 1 mM 

MgCl2, 20 mM MOPS pH 7.2) and resuspended again in the same buffer in an 

appropriate volume to reach OD600 = 5.0. Cell suspension was distributed in 

2 ml fractions in microtubes. After 1 min centrifugation at 5,000 x g, the cell 

pellets were resuspended in buffer solutions at different pH. Those buffers 

have the same chemical composition than the washing buffer, except the 

buffering compound that is MES (pH 5.5, 6.0, or 6.5), MOPS (pH 7.0 or 7.2), 

TRIS (pH 7.5, 8.0, 8.5, or 9.0) or CAPS (pH 9.0) and that nigericin K+/H+ 

ionophore was added at 0.5 µg/ml. Excitation spectra were measured from 

340 to 490 nm, with emission recorded at 507 nm, with a JASCO FP8500 

fluorimeter controlled by the Spectra Manager Software. After blank 

subtraction, a four-parameters sigmoidal curve was drawn through the 

390/470 nm excitation ratio versus pH graph. 

2.4 Intracellular pH measurements in L. lactis 

For intracellular pH measurements, 50 ml of induced cells expressing the 

sfpHluorin were collected by 3 min centrifugation at 1,500 x g at 28 °C, 
washed twice with 15 ml washing buffer (100 mM KCl, 1 mM EGTA, 1 mM 

MgCl2, 20 mM MOPS pH 7.4) and resuspended again in the same buffer to get 
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OD600 = 10.0. Two millilitres of cell suspension were then used for 

fluorescence measurement with alternate excitation at 390 and 470 nm 

(emission at 507 nm) during 5 to 10 minutes. Cells were maintained at 28 °C 
and continuously stirred (300 rpm) during the measurement. After baseline 

recording for 60 sec, different compounds were added to generate 

transmembrane pH gradients. At the end of every measurement, nigericin 

was added at 0.5 µg/ml to observe pH shift and hence make sure cells were 

not leaky earlier in the experiment. Finally, blank subtracted data were 

converted into intracellular pH values thanks to the calibration curve. 

2.5 Extracellular pH measurements with L. lactis 

Extracellular pH measurements were performed using a classical pH-meter. 

Basically, cells were grown similarly as for intracellular pH measurements, 

except that the strains used were expressing only GDT1, or no exogenous 

protein for the negative control. One hundred milliliters of cell suspension 

were collected and washed twice with 50 ml washing buffer (100 mM KCl, 

1 mM EGTA, 1 mM MgCl2, 50 mM Tris pH 7.0). Then, a third washing was 

performed with weakly buffered solution (100 mM KCl, 1 mM EGTA, 1 mM 

MgCl2, 1 mM Tris pH 7.0). A last resuspension was performed in the same 

weakly buffered solution with a volume appropriate to get OD600 = 5.0, and 

20 ml of the cell suspension were transferred into a small beaker for 

extracellular pH measurement. During pH recording, continuous stirring was 

performed, and CaCl2, MnCl2 or MgCl2 was added at indicated time point. For 

data analysis, measurements were normalized to the initial pH value. 

2.6 Ca2+ and Mn2+ transport measurements in L. lactis at 

different extracellular pH 

The in vivo Ca2+ and Mn2+ transport measurements were carried out using 

the fluorescent dye Fura-2/AM according to the method previously 

described by (92) with slight modifications. Briefly, L. lactis DML1 cells 

expressing GDT1 or transformed with an empty plasmid were collected, 

washed 3 times, and incubated with 10 µM Fura-2/AM and 1.7 mM 

probenecid for 2 hours at 28 °C with agitation. Then, cells were washed twice 

with the appropriate washing buffer solution (100 mM KCl, 1 mM MgCl2, 

1 mM EGTA, 50 mM Tris-HCl, pH 6.8, 7.5 or 8.0). The final pellet was 

resuspended in the corresponding buffer devoid of EGTA but previously 

passed through a calcium sponge resin (BAPTA chelator coupled to a 

polymer matrix ; Invitrogen) in order to decrease as much as possible the 

free Ca2+ concentration. For Ca2+ measurement, two excitation wavelengths 

of 340 and 380 nm were used and the excitation ratio is plotted as an 

estimation of [Ca2+] (ratiometric measurement), while for Mn2+ 
measurement the excitation is performed at 360 nm and the quenching of 
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fluorescence is used as a read-out for [Mn2+]. In both cases, fluorescence 

emission was recorded at 510 nm by a JASCO FP8500 fluorimeter controlled 

by the Spectra Manager software. 

2.7 Protein extraction from L. lactis cells 

To extract proteins from L. lactis cells, 50 ml of cell culture was centrifuged 

during 12 min at 1,700 x g g at 4 °C. The pellet was resuspended in 25 ml of 

ice-cold washing buffer (300 mM NaCl, 10% glycerol, 50 mM Tris-HCl pH 
8.0). Cells were pelleted identically and resuspended in 1.5 ml of lysis buffer 

(300 mM NaCl, 10% glycerol, 1 mM PMSF, 1/2000 protease inhibitor 

cocktail, 2 mg/ml lysozyme, 50 mM Tris-HCl, pH 8.0). Eight hundred 

microliters of cell suspension were mixed with 800 mg of glass beads (0.17-
0.18 mm) and cell lysis was performed with Precellys apparatus, 5 x 30 sec 

at 5,000 rpm. Centrifugation was performed for 12 min at 5000 rpm at 4 °C 

to remove cell debris and 500 µl of supernatant was collected for further 
protein quantification, SDS-PAGE, and western blotting. 

 

3 Other methodologies 

3.1 Protein quantification 

Proteins were quantified with the bicinchoninic acid (BCA) method. 

Basically, 20 µl of 5 to 20 times diluted total protein extract were mixed with 
200 µl of reactive (50:1 – BCA : CuSO4.5H2O 4%). In parallel, a standard curve 

was prepared with 20 µl of bovine serum albumin (BSA) at 0 – 2,000 µg/ml. 

All samples were incubated for 30 min at 37 °C with mild agitation and the 
absorbance was measured at 562 nm. 

3.2 Western blotting and antibodies 

Routinely, protein samples were mixed with four-time concentrated sample 

buffer (0.32 M Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 0.02% bromophenol 

blue, 1% DTT). Samples from L. lactis protein extraction were heated for 
5 min at 65 °C to facilitate protein solubilization. Then, 20 µg of proteins 

were separated on a 10% or 4-20% SDS-PAGE and western blotting analysis 

was carried out. Primary antibodies used in this study are listed in Table 7. 

Secondary antibodies were horseradish peroxidase-coupled anti-rabbit IgG 

and anti-rat IgG secondary antibodies (1:10,000 dilution) and Lumi-Light 

Western Blotting Substrate was used (Roche Diagnostics). 

Chemiluminescence was captured using an Amersham Imager 600 (GE 
Healthcare) with automatic exposure time for high dynamic range. 
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For western blot signal quantification, the Fiji/ImageJ 2.0.0-rc-69 software 

was used. Briefly, rectangles of identical size and shape were drawn around 

the band of interest. Then, the Gel Plot lanes tool was used, and the surface of 
each peak was measured. Finally, data were normalized to the signal of the 

loading control, and represented as the ratio of the strain of interest 

compared to the reference strain. 

Table 7. Primary antibodies used in this study. 

Antibody 
target 

Details Dilution Source 

α-Gdt1p Polyclonal rabbit 1:150 to 1:700 Our laboratory (90) 
α-Sec22p Rabbit 1:2,000 Gift from C. Barlowe, 

Hanover, New Hampshire 
α-Prc1p 
(α-CPY) 

Rabbit 1:2,000 Gift from H. Riezman, 
Geneva, Switzerland 

α-Pma1p Rabbit 1:2,000 Our laboratory (345) 
α-Emp47p Rabbit 1:2,000 Gift from H. Riezman, 

Geneva, Switzerland 
α-Pmr1p Polyclonal rabbit 1:125 Our laboratory (91) 
α-Cdc48p Rabbit 1:2,000 Gift from M. Ghislain, 

UCLouvain, Belgium 
α-Ubx4p Rabbit, Ref. UC254 1:1,000 Gift from M. Ghislain, 

UCLouvain, Belgium 
α-GFP Polyclonal rabbit, 

Ref. PABG1 
1:1,000 Chromotek 

α-Aeq Polyclonal rabbit, 
Ref. ab9096 

1:4,000 Abcam 

α-HA Monoclonal rat, 
Ref. 3F10 

1:1,000 Roche 

 
 

3.3 Statistical analysis 

All statistical analyses were performed using GraphPad Prism version 9.2.0. 

Except if otherwise stated, the number of replicates (N) refers to 

independent biological replicates. When possible, data sets were tested for 

Gaussian distribution with Kolmogorov–Smirnov test (α = 0.05). All data sets 

analyzed successfully passed normality test. When Gaussian distribution 

could not be tested, Geisser-Greenhouse correction was applied. According 

to the experiment, two-tailed unpaired t-test was used to compare two 

conditions, parametric one-way ANOVA with a multiple comparison Tukey 

test was used for more than two data sets and a single variable, and two-ways 

ANOVA or mixed-effects model including interaction term was used when 
several variables are compared completed by a multiple comparison 

Bonferroni test. Significance of means comparison is represented on the 

graphs with asterisks: * : p < 0.05 ; ** : p < 0.01 ; *** : p < 0.001. 
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ANNEXES 

 

 
Annex 1 – Cis/medial-Golgi pH at steady-state, in various strains. Golgi pH 

measurements were performed as in Figure 26B.  N = 3 to 14, error bars represent SD. 

 

 

 

 
Annex 2 – Cytosol and Golgi pH during glucose deprivation / re-addition in V-

ATPase deficient strains. (A) Cytosol pH measurements and (B) Golgi pH measurement 

performed as in Figure 26C and E. N = 2 - 3, means and SD are represented. 
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Annex 3 – Golgi pH in the vcx1Δ and vcx1Δgdt1Δ strains during glucose 

deprivation/re-addition procedure. Measurement were performed as in Figure 26C 

and E, except that cells were deprived of glucose during 60 min at 28 °C and that the pH 

recordings were extended up to 900 sec. N = 2, means and SD are represented. 

 

 

Annex 4 – Gdt1p degradation upon Mn2+ addition in various strains deleted for 

possible Golgi to vacuole trafficking players. 

Four independent experimental data sets are presented. Abundance of endogenous Gdt1p 

is analyzed by western blotting from protein extracts of cells collected before and after 

addition of D. 5 mM Mn2+ or A., B. and C. 10 mM Mn2+. The WT strain is compared as a 

control for each data set. The bul1Δbul2Δpep4Δ strain serves as a negative degradation 

control, as PEP4 was shown to be essential for Gdt1p degradation. 
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