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ABSTRACT 

 

Tail-anchored (TA) proteins are a group of integral membrane proteins anchored to the 

phospholipid bilayer by a carboxyl-terminal single transmembrane domain. TA proteins carry 

out a wide range of crucial functions, such as taking a role in protein translocation, 

mitochondrial dynamics, storage of transcription factors and regulation of apoptosis. 

Although how the ER and peroxisomal tail-anchored proteins are targeted to their 

corresponding membranes were elucidated, targeting of mitochondrial TA proteins to the 

outer membrane of mitochondria remains its mystery. In this study, we aimed to reveal the 

determinants of the mitochondrial TA protein targeting, using the organism Saccharomyces 

cerevisiae. We developed a genetic approach which is based on viability, following 

mislocalization of a chimeric protein whose function is necessary for survival under selective 

conditions. By coupling our genetic selection approach to next-generation sequencing, we 

revealed the structural and sequence characteristics essential for targeting of Saccharomyces 

cerevisiae Fis1p, a protein inserted into the outer membrane of mitochondria by a TA. We 

generated a library of Fis1p TA variants linked to the Gal4 transcription factor, then selected 

for mutations allowing Gal4 activity in the nucleus. We quantified TA variants in our mutant 

library both before and after selection for diminished TA targeting. Large-scale analysis 

results were recapitulated by further analysis of individual Fis1 TA constructs. We 

demonstrated that positively charged amino acids are more tolerated within the TA of Fis1p 

than negatively charged residues and they do not interfere with insertion and functionality of 

Fis1p. These findings present solid, in vivo evidence that arginine and lysine can ‘’snorkel’’ 

by stably associating with a lipid bilayer and placing their terminal positively charged head 

group to water-lipid bilayer interface region. Moreover, our results exhibited that length of the 

TA of Fis1p does not influence targeting to mitochondria and proline is not tolerated at many 

positions within the TA of Fis1p due to its helix-disrupting feature. Finally, we revealed that 

positively charged amino acids found at the carboxyl terminus of the TA are crucial for 

specific targeting to mitochondria; however, not necessary for membrane localization. This 
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dissertation serves the first high-resolution analysis of a eukaryotic organelle targeting 

sequence by deep mutational scanning.  
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                                                                    ÖZET 

 

Tail-anchored (TA) proteinleri fosfo-lipit zara karboksil ucundaki tek transmembran 

bölge (TMD) aracılığı ile bağlanan, hücre membranına entegre olan proteinlerin familyasına 

ait proteinlerdendir. TA proteinleri, proteinlerin organellerin içine alınmasını sağlamaları, 

mitokondriyal dinamik fonksiyonlarında faaliyet göstermeleri ve hücrelerin kendilerini 

öldürmelerinde rol almaları gibi birçok önemli görevi yerine getirirler. TA 

proteinlerinin  endoplazmik retikulum ve  perokslzom zarlarına nasıl entegre oldukları 

bilinmesine rağmen, bu proteinlerin mitokondriye nasıl ulaştıkları ve ne şekilde 

mitokondrinin dış zarına entegre oldukları hala gizemini korumaktadır. Bu çalışmada, tek 

hücreli ökaryot Saccharomyces cerevisiae model organizmasını kullanarak ve seçici koşullar 

altında fonksiyonu yaşam için gerekli olan kimerik bir proteinin kullanildigi genetik bir 

teknikten yararlanarak, TA proteinlerinin mitokondriye ulaşmalarını ve entegre olmalarını 

sağlayan özellikleri bulmayı amaçladık. Yeni nesil sekanslama adı verilen DNA sekanslama 

yöntemini bizim genetik tekniğimizle birleştirerek, Saccharomyces cerevisiae Fis1 

proteininin  mitokondriye entegre olmasını sağlayan TMD adı verilen bölgenin, yapısal ve 

dizisel özelliklerini gösterdik. Gal4 transkripsiyon faktörüne bağlı Fis1p TA varyantlarını 

içeren  kütüphaneyi elde ettikten sonra, çekirdekte Gal4 aktivitesine izin veren mutasyonlari 

seçtik. Yeni nesil sekanlama yardimi ile seçilimden önce ve sonra TA lokalizasyonu etkilenen 

varyantlarin miktarini belirledik.  Bu geniş çapli analizin sonuçlari önemli olan her bir Fis1 

TA varyantında tekrarlandi. Sonuçlarımız, ilginç bir şekilde, pozitif yüklü aminoasitlerin 

TMD bölgesi içerisinde negatif yüklü aminoasitlere göre daha töleranslı bir şekilde 

bulunabildiklerini gösterdi.  Bunlara ek olarak, TMD bölgesinin uzunluğunun TA 

proteinlerinin mitokondriye yönlendirilmelerinde bir etkisi olmadığını ve TMD bölgesinin 

heliks yapısını bozan prolinin TMD içinde kabul edilmediğini gösterdik. Son olarak da, TMD 

bölgesinin uç kısımlarında bulunan pozitif yüklü aminoasitlerin, TA proteinlerinin özellikle 

mitokondriye yönlendirilmeleri için önemli olduklarını; fakat herhangi bir organel zarina 

entegre olmalarına katkıda bulunmadıklarını ortaya çıkardık. Bildiğimiz kadarıyla bu çalışma 

https://www.seslisozluk.net/en/what-is-the-meaning-of-endoplazmik-retikulum/
https://www.seslisozluk.net/en/what-is-the-meaning-of-perokslzom/
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derin mutasyon incelemesi yapan bir tekniği, ökaryotlara ait organel sinyal sekansını analiz 

etmek amaçlı kullanan ilk çalışmadır.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

It was estimated that 30% - 40% of eukaryotic proteins are integral membrane proteins 

according to data obtained from growing genomic databases1. Since these proteins have a role 

in various cellular processes, proper targeting of them is crucial for function and viability of 

the cells. Indeed, mislocalization of membrane proteins has been demonstrated in diseases 

such as Parkinson’s, Prion, and Alzheimer’s diseases2,3, and thus a further understanding of 

targeting mechanisms of integral membrane proteins has become one of the major interests of 

the researchers during the last 30 years. Protein targeting research have elucidated that 

proteins are targeted to different organelles by similar mechanisms which show diversity 

mainly in the specific components4. 

Basically, a cytosolic chaperone binds to a targeting sequence of a nascent or fully 

synthesized protein for initial targeting. Later, the chaperone delivers its cargo to the target 

membrane. By the help of the specific receptor found on the membrane of the target 

organelle; the cargo is  either taken into the organelle, or integrated into the lipid bilayer via a 

translocon complex4(Figure 1.1). Even though it is an oversimplification, this basic scenario 

is valid for proteins destined to go to the endoplasmic reticulum (ER), peroxisomes and 

mitochondria. The targeting sequence of the ER and mitochondrial proteins usually resides at 

the N-terminus of the proteins while some have internal targeting information. The ER 

targeting sequence is called a signal sequence or signal peptide, and is recognized by the 

chaperone Signal Recognition Particle (SRP), a ribonucleoprotein complex. The receptor 

found on the membrane of the ER, the SRP receptor, interacts with the SRP-ribosome-nascent 

peptide complex and transfers this complex to a translocon consisting of Sec61α, Sec61β, and 

Sec61γ proteins5. After a protein is transported to the ER, it is sorted to its final destination, 

which can be the ER, plasma membrane, Golgi apparatus, nuclear envelope, or lysosome, 
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through the secretory pathway. Despite the presence of evidence showing that there is protein 

transport between the ER and both peroxisomes and mitochondria6,7,8, almost all of the 

proteins targeted to either mitochondria or peroxisome are directly transported to these 

organelles9,10.  

 

                           

Figure 1.1. A general model for insertion of integral membrane proteins. 1) A cytosolic 

chaperone binds to targeting sequences of a nascent or fully synthesized integral protein.      

2) The chaperone delivers the cargo to a target membrane by binding its receptor located on 

the target membrane. 3) After being released from the chaperone, the integral membrane 

protein is transferred to a translocon. 4) The chaperone is recycled for the next round and 5) 

the integral protein is released to the membrane. Adapted from11  

Peroxisomal protein targeting occurs post-translationally4,12. One noteworthy feature 

of peroxisomes is that they are able to import fully folded proteins13. Proteins targeted to 

peroxisomes possess one of the two conserved peroxisomal targeting signals. Most of the 

peroxisomal matrix proteins contain peroxisomal targeting signal type 1 (PTS1) located at the 
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C-terminus of the proteins. PTS1 consists of either tripeptide sequence SKL (Ser-Lys-Leu) or 

its variants14. Peroxisomal targeting signal type 2 (PTS2) is found at the N-terminus of the 

peroxisomal proteins. While PTS1 is recognized by the cytosolic receptor Pex5, PTS2 

interacts with Pex7 to be delivered to the peroxisomal membrane15. The multi-protein 

complex, importomer, found on the membrane of peroxisome consists of docking and RING 

complex16. Docking complex is involved in docking of cargo-loaded Pex7 and Pex5 and 

RING complex takes a role in translocation of these cargos into the matrix of 

peroxisomes17,18,19. Pex19 is another cytosolic chaperone involved in insertion of the integral 

peroxisomal membrane proteins20. 

Mitochondrial protein translocation occurs both post-translationally and co-

translationally which is discussed in detail in the literature review part.  

Even though most of the integral membrane proteins have the targeting sequence at 

the N-terminus, another class of integral membrane proteins, termed tail-anchored (TA) 

proteins, possess targeting information within the hydrophobic region located at the C-

terminus. TA proteins are integrated into the lipid bilayer via this hydrophobic 

transmembrane domain (TMD). The presence of the TMD and sequences flanking it are 

necessary and sufficient for proper targeting of TA proteins to the target membrane21,22,23. 

This carboxy-terminal signal was initially termed ‘insertion sequence’ to manifest that 

insertion of these proteins into the lipid bilayer was believed to occur by a spontaneous 

mechanism. 

Mitochondrial TA proteins carry out a wide range of crucial functions, such as taking 

a role in protein translocation, control of mitochondrial shape and number, and regulation of 

apoptosis24. Although targeting mechanisms of the ER and peroxisomal TA proteins are 

known, how mitochondrial TA proteins are targeted to mitochondria is still a mystery25,26. 

Mitochondrial TA proteins do not have sequence conservation in the TMD region; however, 

targeting information for mitochondria is harbored within the incompletely defined structural 

features of the TMD27,28. Researchers have not been able to identify any component of a 

mitochondrial TA protein insertion machinery so far. Indeed, biochemical and genetics 

studies suggest that mitochondrial TA proteins might be inserted into the outer membrane of 
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mitochondria spontaneously, in an unassisted manner, unlike the ER TA proteins whose 

insertion requires a set of conserved soluble proteins and membrane receptors29,30. 

Our knowledge about the general principle of protein targeting to organelles in 

eukaryotic cells partially originates by the help of genetic selection methods using the 

organism Saccharomyces cerevisiae. In these kind of studies, targeting sequence recognized 

by the machinery being studied is fused to a protein, whose function is necessary for survival 

under selective conditions, to mislocalize the protein, and thereby making it inactive. Next, 

mutations that enable rerouting of the mistargeted protein to its native location where it can 

function are recovered in selective conditions. While trans factors taking a role in protein 

sorting can be identified by standard genetic methods, cis mutations within the targeting 

sequence can be easily revealed by Sanger sequencing of individual fusion construct clones. 

This genetic approach has been commonly utilized by different groups to elucidate protein 

transport through the endomembrane system31,32,33 and protein import and export at the 

mitochondrial inner membrane as well34,35. 

Despite the presence of powerful genetic approaches, no eukaryotic protein signal 

sequence has been analyzed rigorously. However, by taking advantage of next-generation 

sequencing, it is possible to investigate a protein targeting sequence in a more comprehensive 

way. In this study, one of our goals was to unravel the molecular mechanism of TA protein 

insertion into the outer membrane of mitochondria in Saccharomyces cerevisiae. However, 

our major aim was to reveal the structural and sequence features of the TMD of Fis1p -

mitochondrial TA protein- required for proper localization of itself to the outer membrane of 

mitochondria. 

Chapter two provides a literature review about an overview of mitochondria and 

mitochondrial import; a general information about tail-anchored proteins, their insertion 

mechanisms and physicochemical features of the transmembrane domain of tail-anchored 

proteins that influence specific membrane targeting preference of tail-anchored proteins. 

Chapter three contains materials and methods that were utilized in this study. Chapter four 

describes our findings. Implications and critiques of results were discussed in chapter five. 

Chapter six presents a summary of the accomplished work and provides an outlook for  

the future directions. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Overview of mitochondria and mitochondrial protein import 

The cytoplasm of the eukaryotic cells contains different membrane-bound organelles. 

The mitochondrion is found in the cytoplasm of almost all eukaryotic cells and it has a variety 

of crucial functions in the cell. It consists of two membranes, the inner and the outer 

membrane. The inner mitochondrial membrane confines two aqueous compartments which 

are the matrix and the intermembrane space (IMS). Tubular invaginations that are found in 

the inner mitochondrial membrane form the cristae that possess various sets of enzyme 

complexes taking a role in the oxidative phosphorylation (OXPHOS) 36. Besides energy 

provision role, mitochondria bear other major metabolic pathways which include the Krebs 

cycle and the β-oxidation of fatty acids 37. Mitochondria are also involved in calcium 

homeostasis 38, synthesis of  Fe-S clusters 39, heme 40, and certain phospholipids 41. Proteome 

analysis demonstrated that mitochondria have nearly 1000 to 1500 different proteins in yeast 

and mammals respectively 42,43,44. Due to its endosymbiotic origin, mitochondria lost or 

transferred a big fraction of its genome to the nuclear chromosome 45. Therefore, the 

mitochondrial genome can encode only about 1% of all mitochondrial proteins that are 

subunits of the F1Fo-ATPase synthase and respiratory chain complexes. All other 

mitochondrial proteins are encoded by the nuclear genome. They are first synthesized in the 

cytosol as precursor proteins and subsequently imported into mitochondria 46,47,48.  

Targeting and sorting of mitochondrial precursor proteins to various mitochondrial 

subcompartments involve the existence of a signal sequence within the precursor protein. 

Mitochondrial import signal sequence is usually located at the N-terminus of the proteins, 
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termed presequence. It consists of positively charged amino acids that form an amphipathic α-

helical segment. The length of the presequence may vary from 15 to 122 amino acids49. After 

completion of the import, the presequence is usually proteolytically cleaved by peptidase and 

other proteases50,51.  

The precursor proteins that are destined to go to mitochondria can be divided into two 

main categories. Mitochondrial matrix proteins and a number of the inner membrane and the 

intermembrane space proteins with N-terminal cleavable presequence are in the first class. 

Presequence of these proteins interacts with the mitochondrial import receptors that are found 

both on the inner and the outer membranes46,48. On the other hand, the second group of 

mitochondrial precursor proteins possesses internal targeting signals. Almost all of the outer 

membrane proteins, most of the intermembrane space, and the inner membrane proteins are 

included in this group. Because of the presence of non-cleavable internal signal sequence, the 

primary structure of these precursor proteins is same with the primary structure of the mature 

proteins52,48.  

The translocase of the outer mitochondrial membrane (TOM complex) is involved in 

entry of all nuclear-encoded mitochondrial proteins into mitochondria. The TOM complex is 

composed of an import pore and numerous preprotein receptors. The precursor proteins can 

pursue one of three main pathways after they successfully pass through the TOM complex 

52,47,53,54(Figure 2.1). (1) The precursor proteins containing presequence are delivered to the 

translocase of the inner membrane (TIM23 complex) which comprises a channel through the 

inner membrane and collaborate with the matrix heat shock protein 70 (mtHsp70). The 

chaperone mtHsp70 is the major subunit of the presequence translocase-associated motor 

(PAM) that is required for ATP-driven transport of preproteins into the matrix. (2) The outer 

membrane proteins, such as the abundant protein porin, are incorporated into the outer 

membrane of mitochondria by the sorting and assembly machinery (SAM complex), TOM 

complex and preprotein import machinery of the inner membrane (MIM complex). (3) The 

inner membrane proteins, like the metabolite carriers, require chaperone-like proteins of the 

inner membrane space and the inner membrane translocases (TIM22 and TIM23 complex) for 

integration into the inner membrane55. 

Our knowledge related to the general principles of protein transport into mitochondria 

mainly come from biochemical and genetic studies conducted with the model organism 

baker’s yeast, Saccharomyces cerevisiae. Most of the proteins taking a role in mitochondrial 
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protein import were initially identified in S. cerevisiae; however, they were later shown to be 

highly conserved in higher organisms. 

 

          2.1.1 Precursor protein translocation across to outer membrane of mitochondria 

 

Tom70 complex is composed of seven various subunits which can be classified into 

three groups: Tom20, Tom22 and Tom70 are the receptors; Tom40 is the import pore; Tom5, 

Tom6, and Tom7 are small Tom proteins that are involved in assembly and stability of the 

TOM complex 56,57,58. A mitochondrial presequence usually consists of 15-122 amino acids 

that form an amphipathic α-helical segment. One part of the helix, which is recognized by 

Tom20 receptor59, is composed of hydrophobic amino acids. On the other hand, other part of 

the helix consists of positively charged amino acids and is recognized by the Tom 22 

receptor60. After recognition of the presequence by Tom20 and Tom22, precursor protein is 

transferred to the import pore that is made of β-barrel protein Tom40 with the help of Tom561. 

Basically, cytosolic receptors Tom20 and Tom22, small protein Tom5, and channel forming 

protein Tom40 guide preproteins containing cleavable presequence across to outer membrane. 

Tom6 and Tom7 are other small Tom proteins which are not involved in preprotein 

translocation. However, the presence of them in the TOM complex is essential for the stability 

and assembly of the complex62. 

The inner membrane proteins, such as the ADP/ATP carrier, are recognized by the 

Tom70 receptor on the surface of mitochondria instead of Tom20 and Tom22. While these 

proteins possess several internal targeting signals, they usually lack presequence63,64,65. 

Because of their hydrophobic nature, the inner membrane proteins are bound by the heat 

shock proteins, Hsp70 and Hsp90, in the cytosol to prevent their aggregation. Interaction of 

the heat shock proteins with Tom70 enables delivery of the precursor protein to this 

receptor66. Another mechanism that impedes aggregation of these precursor proteins is 

binding of numerous Tom70 receptors simultaneously to one precursor protein65. After 

delivery of the inner membrane precursor to Tom70, the precursor is transported to the import 

pore Tom40, which requires Tom20 and Tom22 receptors and small protein Tom5. 

Most of the proteins that are destined to go to mitochondria, are first fully synthesized 

in the cytosol and subsequently imported into mitochondria (post-translational import), 

thereby requiring the guidance of cytosolic chaperones as mentioned for the hydrophobic 



Chapter 2: Literature Review                                                                                               
 

8 
 

inner membrane precursors. Besides the heat shock proteins66, other cytosolic factors, such as 

the aryl hydrocarbon receptor-interacting protein and the mitochondrial import stimulation 

factor67, have been demonstrated to interact with preproteins and Tom2068. It has been also 

reported that some mitochondrial precursor proteins can also be transported into mitochondria 

co-translationally69. In this scenario, presequence of the precursor protein interacts with the 

TOM complex while the C-terminus of the protein is still being synthesized on the ribosome, 

reminiscent of proteins targeted to the endoplasmic reticulum (ER)70. Another group 

measured translation effectively at the mitochondrial surface in yeast by utilizing proximity-

specific ribosome profiling. They found out that mostly the inner membrane proteins are 

transported into mitochondria in co-translational manner71.  
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Figure 2.1. Protein transport pathways into mitochondria. Most of the mitochondrial 

precursor proteins with different targeting signals which target proteins to their final 

destinations within mitochondria are synthesized in the cytosol. After passing through the 

general entry gate, the TOM complex, precursor proteins are sorted into various 

mitochondrial sub-compartments. Integration of β-barrel proteins to the outer membrane of 

mitochondria involves the small Tim chaperones and the sorting and assembly machinery 

(SAM) complex. Carrier proteins are transported to the inner membrane of mitochondria with 

the help of small Tim chaperones and the insertion requires carrier translocase, TIM22 

complex. Preproteins with presequence are either integrated into the inner membrane or 

transported into the matrix by the presequence translocase, TIM23 complex. Import into the 

matrix also requires the function of the presequence translocase-associated motor (PAM). 

OM, outer membrane; IM, inner membrane; IMS, intermembrane space; Δψ, the membrane 

potential across the inner membrane. Adapted from 55,72 
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2.1.2 Insertion of the outer membrane proteins 

 

The outer membrane proteins having simple topology (the proteins containing only 

one transmembrane segment) involve only the TOM complex for integration into the outer 

membrane. On the other hand, other outer membrane proteins, like porin and Tom40, with a 

relatively complex topology (β-barrel proteins containing several β-strands) are first 

transported into the intermembrane space by the TOM complex62. In the next step, these 

precursor proteins are transferred to the SAM complex that is located in the outer membrane 

by the help of the Tim proteins found in the intermembrane space73(Figure 2.1). The first 

identified subunit of the SAM complex is Mas37. In the absence of Mas37, mitochondria are 

able to import the inner membrane and the presequence containing preproteins while 

integration of the outer membrane proteins is vigorously hampered. The second subunit of the 

SAM complex, Sam50, which is highly conserved among species was identified later. The C-

terminal domain of Sam50 exhibits noteworthy similarity to Omp85, which is the bacterial 

outer membrane protein and required for protein integration into the outer membrane of 

bacteria74. Basically, the outer membrane proteins containing several β-strands are first 

imported into the intermembrane space62 where they subsequently pursue the bacteria-like 

pathway of export and insertion into the outer membrane of mitochondria. 

Different insertion pathways have been identified for another classes of outer 

membrane proteins containing α-helical membrane-spanning domain. Tom20 and Tom70 are 

anchored to the outer membrane of mitochondria via single, N-terminal transmembrane 

domains. Insertion of these proteins into the lipid bilayer is provided by the outer membrane 

protein Mim173,75. Mim1 also supports the integration of multi-spanning outer membrane 

proteins, such as Ugo176,77. This process involves the Tom70 receptor while the rest of the 

TOM complex is dispensable. No insertion machinery has been identified for mitochondrial 

outer membrane proteins containing a single C-terminal transmembrane domain (tail-

anchored), such as the fission protein Fis178,79. 
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2.1.3 Precursor protein translocation across to inner membrane of 

mitochondria 

 

The translocase of the inner membrane is composed of three integral membrane 

proteins which are Tim17, Tim23, and Tim5053. Presequence carrying preprotein interacts 

with Tim50 after being released from the TOM complex80,81. With the help of Tim50, the 

preprotein is then transferred into the channeled formed by Tim2368. Tim23 consists of 2 

domains: The C-terminal domain forms the import channel. On the other hand, N-terminus 

domain facing to the intermembrane space recognizes the presequence of the preprotein67,82,83. 

Tim17 is found firmly associated with Tim23 and involved in regulation and stabilization of 

the channel activity84,85,86.  Insertion of the presequence of preproteins into the Tim23 pore is 

membrane potential dependent.  The membrane potential Δψ across the inner membrane has a 

dual role in the import of the precursor proteins. Δψ is involved in activation of the channel 

protein. Furthermore, it helps pushing of the presequence towards to the matrix side by 

exerting an electrophoretic force on the presequence bearing positively charged amino 

acids62,83,87,88.  

Some mitochondrial preproteins contain both a hydrophobic stop transfer signal and a 

positively charged presequence. Because of the presence of the stop transfer signal, 

translocation of these proteins across the inner membrane is arrested, thereby resulting in the 

release of the precursor protein to the lipid bilayer of the inner membrane89. Insertion of these 

kinds of proteins into the inner membrane can be achieved just by the Δψ-driven inner 

membrane translocase without the involvement of the ATP-dependent presequence 

translocase-associated motor (PAM)90(Figure 2.1). 

Most of the presequence containing preproteins are transported into the matrix with 

the collaboration of the import motor PAM and the presequence translocase. The import 

motor PAM consists of five subunits which are mtHsp70, Tim44, Mge1, Tim14, and Tim16. 

Interaction between the chaperone mtHsp70 and the TIM23 complex is provided by the 

peripheral inner membrane protein Tim4491,92,93. Tim14 is a member of the J-protein family of 

co-chaperones and is involved in the stimulation of the ATPase activity of mtHsp7094,95,96. 

Tim16 is required for the recruitment of Tim14 to the import motor PAM97,98. mtHsp70 

cooperates with other membrane-bound chaperones; Tim44, Tim14 and Tim16, to hold 

preproteins while they are leaving the import channel. There are two crucial functions of the 
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import motor which are passive capturing and active pulling of the precursor proteins91,92. In 

the ATP-bound state, mtHsp70 can’t interact with the preprotein and Tim44 with high 

affinity. Hydrolysis of ATP to ADP, which is stimulated by Tim14, stabilizes the interaction 

of mtHsp70 with the preprotein and Tim44. Later, Mge1 mediates releasing of ADP from 

mtHsp7099. 

Presequence is removed from the preprotein upon import by the mitochondrial 

processing peptidase (MPP) which is a metallopeptidase100. In the matrix of the mitochondria, 

mitochondrial chaperones, such as Hsp60 and Hsp10, facilitate the folding of the transported 

proteins to their native conformation101,102. 

 

2.1.4 Insertion of the inner membrane proteins 

 

Most of the multispanning inner membrane proteins lack a presequence. After passing 

through the outer membrane via the TOM complex, the inner membrane proteins bind to 

Tim9-Tim10 complex in the intermembrane space52,47,80. The Tim9-Tim10 complex possesses 

chaperone-like activity which prevents aggregation of the hydrophobic inner membrane 

proteins in the intermembrane space103,104. In addition to Tim9-Tim10 complex, the 

homologous but non-essential Tim8-Tim13 complex takes a role in insertion of the inner 

membrane proteins105,106. The precursor protein is docked to insertion machinery of the inner 

membrane, TIM22 complex, by the Tim9-Tim10 complex. Tim12 subunit of the TIM22 

complex which is a peripheral membrane protein interacts with the Tim9-Tim10 complex for 

docking of the precursor protein. In the next step, the cargo is transferred to the body of the 

insertion machinery which is the import channel formed by Tim22107,108(Figure 2.1). 

Intriguingly, Tim22 exhibits homology with Tim23. Like the Tim23 channel (presequence 

translocase), the Tim22 channel is also activated by the Δψ 108. In the insertion of the inner 

membrane proteins, the membrane potential is the only energy source that is involved, no 

ATP-driven machinery is required. The membrane potential has a role in insertion of the 

presequence into the translocase. It is also required for lateral release of the inner membrane 

proteins into the lipid bilayer109. 

The inner membrane of mitochondria contains another insertion machinery for the 

inner membrane proteins which are synthesized in the matrix110,111. Oxa1 which is 

evolutionarily conserved translocase is the major component of this insertion machinery112. 
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Some nuclear- encoded proteins with presequence are first imported into the matrix, 

subsequently integrated into the inner membrane by Oxa1113. 

 

2.2 The overview of tail-anchored (TA) proteins : synthesized in the cytosol and 

searching for a membrane 

 

Proposal of the signal hypothesis enabled scientists to identify various molecular 

machineries which target classes of proteins to common, specific destinations within the cell. 

However, recent studies have shown the existence of a certain group of proteins that are 

delivered to their target organelle by an unknown mechanism. Tail-anchored (TA) proteins 

are among these groups of proteins. Due to their diverse functions and localizations in the 

cell, a great scholarly interest arose in the identification of the targeting and insertion 

machinery of TA proteins. 

TA proteins are a group of integral membrane proteins anchored to the phospholipid 

bilayer by a single transmembrane domain (TMD) which is located at the C-terminus of the 

proteins and consists of hydrophobic amino acids ~30 residues114 (Figure 2.2). The N-

terminal portion of the proteins faces to the cytosol24,28. TA proteins are found on almost all 

membranes abutting the cytosol. On those membranes, TA proteins carry out a range of 

crucial functions, such as playing a role in protein translocation, membrane fission, storage of 

transcription factors and regulation of apoptosis. 
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Figure 2.2 Ncytosol-Clumen topology of a Tail-anchored protein. (A) Tail-anchored proteins 

contain a single hydrophobic TMD located at the C-terminus of the protein. (B) TA proteins 

are anchored to phospholipid bilayer via the carboxyl-terminal TMD. The N-terminal bulk of 

the protein faces to the cytosol. 
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TA proteins do not have N-terminal signal sequence. Their membrane-interacting 

domain is too close to the C-terminus and comes forth out of the ribosome only after the 

protein synthesis has been terminated. Recognition of the hydrophobic TMD by the signal 

recognition particle (SRP), which interacts with signal sequences only if they are part of a 

growing polypeptide chain, is highly unlikely114. Furthermore, the last ~ 40 amino acids of the 

nascent polypeptide chain are sequestered within the large subunit of ribosome115, which also 

makes the interaction of SRP with the TMD not possible. Therefore, TA proteins have to get 

to their target membranes post-translationally unlike classical type II membrane proteins. This 

type of membrane proteins contains a single TMD found at the N-terminus while the C-

terminus is exoplasmic116 and are imported to the ER co-translationally in SRP-dependent 

manner. 

Due to the presence of the small number of polar amino acids downstream to the 

hydrophobic TMD, it was challenging for years to determine whether TA proteins can span 

the bilayer21. The exact topology of the ER TA proteins was verified by taking advantage of 

recombinant DNA technology. TA proteins were engineered by fusing N-glycosylation sites 

into the C-terminal polar region117,118,119,120. Glycosylation of these recombinant proteins in 

the ER lumen in vivo and in the cell-free translation system in which microsomes were added 

after completion of synthesis of the TA proteins demonstrated unequivocally that TA proteins 

can span the lipid bilayer and translocation of the polar residues across the membrane occurs 

post-translationally117,120. 

Each TA protein possesses its own distinctive tail which has complex and various 

roles, such as playing a role in the initial targeting and subsequently in the secretory pathway 

trafficking. The tail may also influence the function of some TA proteins. These properties of 

the tail of TA proteins distinguish it from other simple lipid anchors of isoprenylated and fatty 

acylated proteins. 

 

2.2.1 Tail-anchored proteins are targeted to particular intracellular membranes  

 

Even though previous studies have demonstrated that some TA proteins can be 

inserted into any membrane nonspecifically in vitro, like cytochrome b(5), it is now known 

that TA proteins associate only with particular intracellular membranes in vivo114. Most of the 

TA proteins are first targeted to the ER to join to the secretory pathway. Later, they are 
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transported to their terminal destination via vesicular transport121,117,122,123. While some 

peroxisomal TA proteins are first inserted into the ER and subsequently delivered to 

peroxisome124, the majority of them are directly targeted to peroxisome125. Likewise, 

mitochondrial outer membrane (MOM) proteins are also directly delivered to mitochondria 

from cytosol114. Since the majority of TA proteins are destined to go to either the ER or 

mitochondria, after releasing from the ribosome, they have to discriminate between the ER 

and mitochondria. 

Experiments in which the TMD of a mitochondrial TA protein fused to cytosolic 

domain of an ER tail-anchored protein verified that features discriminating between the ER 

and mitochondria reside in the TMD region126,127,128,129 (Figure 2.3). In mitochondrial TA 

proteins, the TMD region is usually shorter than 20 residues and is flanked by basic amino 

acids (Figure 2.3A). Decreasing the number of the positively charged amino acids that are 

found in the flanking regions or enhancing the length of the TMD elucidated that these two 

features are doubtlessly essential for mitochondrial targeting130,128,131,132,133. However, some 

mitochondrial TA proteins, like Bax, do not meet the short TMD criterion since TMD of Bax 

has ample length and hydrophobicity114. Furthermore, the interaction of the N-terminal 

cytosolic domain may have a role in targeting134,135.  

TA proteins that do not have precise features for targeting to the MOM are delivered 

to the ER, which can accept TMDs with different lengths and C-terminal regions of different 

charge and size (Figure 2.3B and Figure 2.3C). Mutated mitochondrial TA proteins with 

longer TMD or less positively charged amino acids in the flanking regions are inserted to the 

ER. In addition, artificial TMDs containing repeated leucines or a couple of hydrophobic 

amino acids are able to target TA proteins to the ER136,137,119. These observations clearly show 

that the ER is the default harbor for TA proteins138.  

Mitochondrial targeting information is not a discrete signal; on the contrary, it is a 

combination of two physicochemical variables which are a degree of positive charges found 

in flanking regions and length of the TMD. Therefore, TA proteins with faint MOM targeting 

information may be inserted to both the MOM and the ER (Figure 2.3D) 
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Figure 2.3. Features that regulate targeting of TA proteins to the ER or the MOM. The 

cytosolic domains of the proteins, A-D, are shown as gray while the color of the C-terminal 

TMD region matches with the corresponding membrane. (A) Shorter TMD compared to TMD 

of the ER TA proteins with positively charged amino acids at flanking regions is required for 

the MOM targeting. (B-C) Loss of any of these features causes insertion into the ER. (D) 

TMDs with intermediate features (purple), lengthened TMD and/or declined positive charge, 

may target a TA protein to both the ER and the MOM. Adapted from114 

After insertion into the membrane of ER, a TA protein either stays on the ER or is 

transported to its final destination. During this sorting process, TMD again enacts a crucial 

role. Positively charged amino acids found in the luminal sequence seem to determine the 

targeting to peroxisomes124,139. However, sorting in the secretory pathway is firmly affected 

by the physicochemical features of the TMD. The ER resident TA proteins contain a 

moderately hydrophobic and short TMD which influences the exit of the protein from the ER 

by slowing the entry into the transport vesicle and retrieval from the Golgi120. Lengthening of 

the tail region of ubiquitin conjugating enzyme (UBC6)137, or cytochrome b(5)123, or the ER 

SNARE Ufe1p140 causes escaping of these proteins from the ER and subsequently entry into 

down the secretory pathway. Hydrophobicity and length of the TMD also determine sorting of 

TA proteins in the secretory pathway141. 
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Besides the physicochemical features, sequence-specific characteristics of the tail 

region of some TA proteins may influence sorting. An essential example is the target 

SNAREs Syntaxins 3 and 4, which reside on the basolateral and apical plasma membrane of 

the polarized epithelial cells respectively142. Although TMDs of both of these proteins have 

nearly the same hydrophobicity, they are sorted to different membranes. GFP fusion 

experiments unequivocally revealed that sequence specific information within the TMD has a 

role in the partition of these TA proteins on the membrane of polarized epithelial cells143. 

Sequence-specific features may also be essential for proper functioning of TA proteins, as in 

the case of SNAREs 144 

The contribution of the cytosolic domain of some TA proteins in their sorting cannot 

be neglected. Targeting of some Golgi-resided TA proteins is determined by both the TMD 

and the cytosolic domain122,145,143. In like manner, the features that affect SNARE trafficking 

are located both in the tail region and cytosolic domain146.  

 

2.2.2 How are tail-anchored proteins inserted into the membrane of various 

organelles?  

 

TA proteins are able to translocate their C-terminus across the membrane of the ER 

and presumably the MOM as well even though this was not elucidated experimentally. The 

intriguing question here is whether the conventional translocation mechanisms, such as the 

Sec61 translocon of the ER translocation machinery or TOM complex of the MOM, have a 

role in the insertion of TA proteins. 

 

2.2.2.1 Insertion of TA proteins into the membrane of the ER 

 

Signal recognition particle (SRP) is the first identified cytosolic factor that is involved 

in the post-translational targeting of TA proteins destined to go to the ER. Crosslinking 

studies revealed the interaction between the TMD domain of the model TA protein and the 

SRP147. The same interaction was also verified in vitro pull down experiments148. 

Furthermore, another study demonstrated that insertion of TA proteins to the ER diminished 

when the SRP receptor is perturbed148. On the other hand, the functional relevance of the 

proximity of TA proteins to the Sec61 is not clear. In addition to biochemical reconstitution 
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experiments21, studies in which conditional mutants of yeast were used revealed that Sec61 

translocon is not required for insertion of TA proteins149,150. 

Insertion of some TA proteins involves ATP117. However, the function of SRP is GTP 

dependent147,151,117, which contradicts the potential role of SRP in TA protein targeting. 

Hsp40/Hsc70 family molecular chaperones are ATPases and it has been proposed that these 

chaperones can facilitate insertion of TA proteins to the ER as they promote post-translational 

import of specific pre-secretory proteins into the lumen of the ER152. This proposal was 

supported by recapitulating the insertion of a model TA protein in vitro system by using 

purified precursor proteins with ATP and recombinant Hsp40/Hsc70153. Although this study 

revealed that the presence of Hsp40/Hsc70 is sufficient for TA protein insertion into the ER, 

another group showed that these chaperones are solely essential for efficient insertion of some 

TA proteins by utilizing small molecular inhibitors of Hsp70154. There is not any known 

receptor of Hsp40/Hsc70 at the ER and the exact mechanism by which TA proteins using 

these molecular chaperones are inserted into the ER is not clear. One of the suggestions is that 

chaperones bind to TA proteins to block their integration into inappropriate membranes, and 

target them to the ER where they insert themselves spontaneously in unassisted ways155,156. 

Identification of an ATP-dependent, novel pathway shed light on the mysterious 

process of TA proteins insertion into the membrane of the ER157. Crosslinking experiments 

have demonstrated the interaction of various model TA proteins with a cytosolic, 40kDa, 

TMD recognition complex (TRC40)158,159. TRC40 is highly conserved among species. Its 

yeast (Saccharomyces cerevisiae) homolog is termed Get3160. With the identification of 

additional components in yeast, the investigation of the GET pathway has accelerated. A 

complex that functions at the upstream of TRC40 consists of TRC35, BAG6, Ubl4A 

(mammalian nomenclature). This complex collects TA proteins as soon as they are released 

from the ribosome and loads them onto TRC40 for transport to the ER148,161. Sgt2, which is 

the yeast homolog of SGTA, interacts with TA proteins162 and serves as a scaffold protein to 

bring TRC35 and Ubl4A together163. The cargo TA protein is delivered to an ER receptor 

which consists of tryptophan-rich basic protein (WRB) and calcium-modulating cyclophilin 

ligand (CAML) by TRC40. Get1 and Get2 are yeast equivalents of WRB and CAML 

respectively.  

Several cytosolic factors and specific events on the membrane of the ER are involved 

in the global level tail-anchored protein insertion157,116. Each of these mechanisms has been 
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detailed above. Indeed, these pathways are redundant, for example a yeast strain defective in 

GET pathway does not exhibit any growth defect155,164. One possible explanation for this 

outcome is that Hsp40/Hsc70 can suffice for the insertion of a sufficient amount of TA 

protein when GET pathway is perturbed154,155. It has also been proposed that a particular TA 

protein may prefer a specific pathway depending on distinct features like the hydrophobicity 

of the TMD. TA proteins with the hydrophobic tail region, such as synaptobrevin, appear to 

prefer TRC40 or SRP while the ones possessing a less hydrophobic TMD, like cytochrome 

b(5), favour specific chaperone-mediated or unaided pathways155. 

 

2.2.2.2 Insertion of TA proteins into the membrane of peroxisome 

 

While TA proteins targeted to ER usually do not favour classical translocation 

machinery, peroxisomal TA proteins are inserted to peroxisomes by a mechanism which is 

common to the post-translational insertion of other peroxisomal membrane proteins (Class I). 

Insertion of class I peroxisomal proteins involves import receptor Pex19. Pex19 binds its 

cargo in the cytosol and delivers the cargo to peroxisome by interacting with its receptor, 

Pex3, found on the membrane of peroxisome125,165. It has been shown that both TMD and 

luminal domain of Pex26 (mammalian TA protein) accommodate Pex19 recognition 

sequences and interaction of both of these sequences with Pex19 is necessary for targeting of 

Pex26 to peroxisome166. If Pex26 lacks the luminal recognition sequence, it is targeted to 

mitochondria166. Similar recognition sequences were also found in yeast Pex15 which is a 

functional orthologue of Pex26166. 

Fission protein Fis1 is another TA protein targeted to peroxisomes. Human Fis1 is 

mainly found on the outer membrane of mitochondria; however, a small fraction is also 

delivered to peroxisomes. Like Pex26, targeting of Fis1 to peroxisomes depends on the 

function of Pex19167.  

 

2.2.2.3 Insertion of TA proteins into the outer membrane of mitochondria 

 

Mitochondrial TA proteins do not have sequence conservation in the TMD region; 

however, targeting information for mitochondria is harbored in the physicochemical features 

of the TMD27. While ER insertion machinery can favor tail domains with various 
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hydrophobicity, flanking charges and length, mitochondrial TA proteins are usually 

characterized by TMDs with moderate hydrophobicity. Besides, the presence of positive 

charges at the flanking regions (on one or both sides) of the TMD is another major 

characteristic of mitochondrial TA proteins. Mutagenesis studies have demonstrated that 

perturbation of any of these physicochemical features results in the rerouting of the model TA 

protein to the ER130,168,131,79. Even though these features are able to differentiate the 

population of TA proteins targeted to mitochondria from the ER counterparts, positive charge 

content and hydrophobicity of TMD of mitochondrial and ER TA proteins exhibit quite some 

overlap28. However, the tendency for α-helix formation of TMD of mitochondrial TA proteins 

provides an additional structural feature to TMD for mitochondrial targeting169. Each of these 

features has a distinct contribution on targeting of different TA proteins to mitochondria27.  

The importance of the presence of positively charged amino acids at the flanking 

regions of the TMD is highlighted by studies in which the intracellular localization of the Bcl-

2 family proteins was shown. Bcl-2 family proteins are the major apoptosis regulators which 

are divided into two classes. Anti-apoptotic members, like Bcl-2 and Bcl-xL, help cells to 

evade from apoptosis; on the other hand, pro-apoptotic members, such as Bak and Bax, 

trigger apoptosis170. Bcl-xL is solely found on the outer membrane of mitochondria133 while 

Bcl-2 can localize on both the nuclear envelope and the membrane of the ER133. Intriguingly, 

the TMDs of both Bcl-xL and Bcl-2 have similar lengths and hydrophobicities. However, two 

positively charged amino acids that are found at either flanking region of the TMD of Bcl-xL 

play an essential role in mitochondrial sorting of this protein133. The lack of this signal within 

the TMD of Bcl-2 results in targeting of the protein to various intracellular membranes in a 

nonspecific manner.  

Studies investigating how tail-anchored proteins are inserted into the outer membrane 

of mitochondria came up with contradictory results. Setoguchi et al. demonstrated that the 

TOM complex has no role in the insertion of three mitochondrial TA proteins (Bcl-xL, 

Omp25, and Bak) in mammalian cells171. Likewise, TOM machinery is not involved in 

insertion of Fis1 (mitochondrial fission protein) in vitro79. While Tom20 has been thought to 

participate in the import of Bcl-2132,172, Tom22 was implicated as the receptor that recognizes 

Bax for insertion173. Apart from Tom40, Tom20 and Tom70, all other subunits of the TOM 

complex (Tom5, Tom6, Tom7 and Tom22) are TA proteins even though they differ in TA 

sequence and structure. Insertion of Tom22 requires Tom20 and Tom70174 and is promoted by 
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the β-barrel SAM/TOB (sorting and assembly machinery/topogenesis of β-barrel proteins) 

complex. All of these TOM complex TA components contain proline residue within the TMD 

in yeast. The presence of proline within the TMD of Tom7 is necessary for efficient insertion 

of the protein175. The proline residue which is an α-helix breaker provides some flexibility to 

TMD to secure a smooth integration of the protein into the MOM175. Moreover, integration of 

Tom6 and Tom7 into the outer membrane of isolated mitochondria was hampered when 

cytosolic domains of the outer membrane receptors were removed proteolytically176. All these 

findings indicate that TA protein insertion into the outer membrane of mitochondria is 

controlled by more than one mechanism. 

What makes the understanding of targeting of TA proteins to the MOM challenging is 

the moderately hydrophobic characteristic of the TMD of mitochondrial TA proteins. This 

feature implies that mitochondrial TA proteins should be able to integrate into the MOM 

without assistance. In fact, insertion of Fis179, Bcl-2151 and mitochondrial isoform of b579 into 

protein-free lipid bilayer has been validated. In addition, augmented ergosterol level in these 

protein-free bilayers impeded the insertion. The MOM has the lowest amount of ergosterol 

among all membranes that face to the cytosol in yeast9 and low ergosterol level elevates 

fluidity of a membrane79. This characteristic of the MOM facilitates faster insertion of 

mitochondrial TA proteins which provides a kinetic advantage to mitochondria compared to 

other organelles79. This unassisted integration shown in vitro may mask chaperone-mediated 

specific targeting occurring in vivo. 
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CHAPTER 3 

 

                                                MATERIAL AND METHODS 

 

 

 

3.1 Yeast strains and plasmids 

 

Details and associated references of strains used in this study are given in APPENDIX A. 

Construction details of plasmids and related references of the acquired plasmids are 

provided in APPENDIX B. Oligonucleotides utilized in this work are listed in APPENDIX 

C. 

 

3.2 Culture conditions 

 

Synthetic complete (SC) medium consists of 0.67% yeast nitrogen base lacking amino 

acids, 0.1% casamino acids, 2% dextrose, 50 µg/ml adenine hemisulfate, and either 100 

µg/ml L-tryptophan (SC-Ura) or 25 µg/ml uracil (SC-Trp). Supplemental minimal medium 

(SMM) consists of 0.67% yeast nitrogen base lacking amino acids, 2% dextrose, 20 µg/ml 

adenine hemisulfate, 20 µg/ml methionine, 20 µg/ml uracil, 30 µg/ml lysine. SMM also 

contains 20 µg/ml histidine, 100 µg/ml leucine, and/or 20 µg/ml tryptophan depending on 

selection condition. SLac medium devoid of histidine consist of 0.67% yeast nitrogen base 

lacking amino acids, 1.2% NaOH, a volume of lactic acid to adjust the pH to 5.5, 20 µg/ml 

uracil, 20 µg/ml adenine hemisulfate, 20 µg/ml methionine, 20 µg/ml tryptophan, 30 µg/ml 

lysine, and 100 µg/ml leucine. Solid media also contain 1.7% bacteriological agar. Cells 

were incubated at 30°C unless indicated. For serial dilution assays, strains in logarithmic 

proliferation phase were diluted to an OD600 of 0.1, and 4 µl of this dilution and three serial 

five-fold dilutions were spotted to a solid medium.  
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3.3 Microscopy 

 

For epifluorescence microscopy studies, cells grown to logarithmic phase of proliferation 

were examined by using an Eclipse 80i microscope with a 100X Plan Fluor objective and 

linked to a DS-Qi1Mc camera (Nikon, Tokyo, Japan). Cells were grown in SMM medium 

suitable for plasmid selection. Images were captured using NIS-Elements version of AR 

3.2 and exposure times were set automatically. The brightness of all mCherry expression 

images were identically adjusted in Adobe Photoshop CS5 (Adobe, San Jose, California), 

besides when the mCherry-BAX (TA) signal was assessed. For this case, the ‘autolevels’ 

adjustment was preferred. Scoring of mitochondrial morphology was performed blind to 

genotype. Sodium azide was used at a concentration of 500 µM for 60 min before 

fluorescence microscopy to induce mitochondrial fragmentation. For staining of 

mitochondrial nucleoids, 4',6-diamidino-2-phenylindole (DAPI) was added to cultures at a 

concentration of 1 µg/ml and cells were incubated for 15 min before analysis. Scale bars 

represent 5 µm. 

 

3.4 Fis1p TA mutant library construction 

 

Constructs expressing Gal4-Fis1p and  its mutated version at one of 27 positions within the 

TMD of Fis1p were generated by using recombination-based cloning177. Two DNA 

fragments obtained by PCR were integrated in this recombination reaction. The 5’ segment 

was generated by PCR from template plasmid b100 using primer 698 and the suitable 

primer (rvsposX) listed in APPENDIX C. The 3’ portion was amplified form plasmid b100 

using the relevant primer (fwdposX) and primer 517 listed in APPENDIX C. Two PCR 

products were co-transformed into the strain MaV203 with NotI-linearized pKS1 to 

recombine DNA fragments into the linearized plasmid. Each sub-library of each Fis1p 

TMD position was generated individually by selection of Trp+ clones in liquid medium. To 

confirm transformation and recombination efficiency, a portion of each transformation 

reaction was plated onto the solid SC-Trp medium. Later, equal number of cells which 

were determined by OD600 measurement were collected from overnight culture of each 

sub-library and combined within the same liquid culture to generate the total pool prior to 

selection for Gal4-mediated transcription. It should be noted that all the constructs 



Chapter 3: Materials and Methods                                                                                      

 

25 
 

expressing Gal4-Fis1p also have superfolder GFP in frame between the Gal4p and Fis1p 

segment. Labelling of sfGFP was omitted from both figure labels and the text for 

simplicity.  

 

3.5 Deep mutational scanning of the Fis1p TA library 

 

The total pool of the constructs containing Fis1p TMD mutations were grown for four 

generations in SC-Trp medium, SC-Ura medium and SMM-Trp-His medium with 0 mM, 5 

mM, 10 mM, or 20 mM 3-AT. Later, plasmids from each culture condition were isolated 

from 10 OD600 units of cells. For the isolation of the plasmids, cells were pelleted at 4,000g 

for 3 min. Pellets were then washed with 5 ml of 0.9 M D-sorbitol and resuspended in 1 ml 

of 0.9 M D-sorbitol. At this stage, one ‘’stick-full’’ of zymolyase 20T (Amsbio, Abingdon, 

United Kingdom) was added, and cells were incubated at 37°C for 45 min. Cells were 

pelleted again at 4,000g for 3 min and processed using a plasmid purification kit (GeneJET 

Plasmid Miniprep Kit, Thermo Scientific, Waltham, USA) following the manufacturer’s 

instructions. Primers 882 and 883 were used to amplify the genomic region encoding the 

Fis1p TMD from each plasmid pool. By using the generated PCR products, next 

generation, paired-end sequencing was performed by Microsynth (Balgach, Switzerland) 

on a MiSeq Nano (2x150v2). FASTQ output from paired ends and lacking adaptor 

sequences was merged into a single segment by using the PANDAseq assembler version 

2.8178. To remove the flanking sequences around the Fis1p and stop codon encoding 

region, the TRIM function (trimmer Galaxy tool version 0.0.1) was performed using the 

resources of the Galaxy Project179. The rest of the analysis was performed in Microsoft 

Excel (Redmond, USA). First, DNA sequences were converted to amino acid sequences 

and then TMDs with more than one amino acid mutation were eliminated. Enrichment 

values reflect, at a given amino acid position, the ratio of the fraction of amino acid counts 

following selection to the fraction of amino acid counts in the starting library. Enrichment 

values are not derived through comparisons across different amino acid positions. Counts 

for the native amino acid at each position were set as the total number of TMD counts for 

which all amino acids were wild-type within a given selected pool. While calculating the 

enrichment values, TMD amino acid replacements for which there were zero reads in the 
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SC-Trp sample had their value changed to one in order to allow possible detection of 

enrichment under selective conditions by preventing division by zero. Heat maps were 

generated using the Matrix2png utility180 by Dr. Cory Dunn. 
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CHAPTER 4 

 

                                                               RESULTS 

 

 

4.1 Targeting of the fusion protein to the outer membrane of mitochondria via the 

Fis1 tail anchor hampers Gal4-mediated transcription activation 

 

It was previously shown that tail anchor (TA) of Fis1p is necessary181 and 

sufficient79,182 for proper insertion of this protein into the MOM. Fis1p has been proposed 

to settle a final topology in the MOM in which while the amino-terminal bulk of the 

protein faces the cytosol, positively charged amino acids found within the carboxyl-

terminus protrudes into the mitochondrial intermembrane space. The two are connected by 

a membrane-anchoring domain (MAD) passing through the outer membrane (OM)181.  

To identify the trans factors related to Fis1p insertion or to reveal cis mutations in 

the targeting sequence of Fis1p for understanding structural and sequence characteristics 

crucial for localization of Fis1p in Saccharomyces cerevisiae, we used a positive selection 

procedure which is based on viability following mislocalization of a chimeric protein. 

Similar genetic approach has been effectively utilized by different groups to isolate 

mutants in the yeast secretory pathway31 or mutants in mitochondrial import35. For the 

screening purpose, we created a chimeric protein by fusing Gal4 transcriptional factor to 

the N-terminus of full-length Fis1p. According to our hypothesis, we reasoned that the 

chimeric protein is inserted into the mitochondrial OM in the wild type cells because of the 

targeting information found within the TA of Fis1p. However, cis or trans mutations will 

allow movement of the chimeric protein into the nucleus and result in activation of the 

Gal4-driven HIS3 and URA3 auxotrophic markers (which are inactive in the wild type 

cells) in MaV203, a strain commonly used for yeast-two-hybrid assays. Activation of these 

markers will allow us to select the cis or trans mutants under selective conditions (Figure 

4.1A). We also included superfolder GFP183 between the Gal4 and Fis1 moieties; however, 

the intensity of the signal was hardly discernable during the fluorescence microscopy. Only 

when the chimeric protein was overexpressed, GFP fluorescence was visible at 
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mitochondria (Figure 4.2). Therefore, we will not further refer to the presence of sfGFP 

while discussing Gal4-Fis1 constructs. Furthermore, we demonstrated that Gal4-Fis1p 

chimeric protein failed to complement the mitochondrial morphology defect of a fis1Δ 

strain (Figure 4.2 and unpublished results), which suggests that our chimeric protein is not 

able to interact with other mitochondrial division components that may possibly hamper 

nuclear localization of Gal4-Fis1p as a result of TA mutation. Like the empty vector, Gal4-

Fis1p fusion protein was also incapable of providing growth on selective media; medium 

lacking uracil and medium lacking histidine containing 20 mM 3-aminotriazole (3-AT) 

which competitively inhibits His3p generated independently of Gal4p activation184(Figure 

4.1B). However, deletion of the TA region from the same construct [Gal4-Fis1 (ΔTA)] 

resulted in ample proliferation on both of the selective media. This result suggests that 

absence of the TA results in translocation of the chimeric protein to the nucleus and 

cytosolic domain of Fis1p has no role in the insertion of the protein into the MOM. 
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Figure 4.1. A genetic selection method based on mislocalization of the Gal4-Fis1p 

fusion which allows identification of cis or trans mutants by blocking mitochondrial 

localization of the chimeric protein. (A) A scheme for selection of cis or trans mutations 

that impede insertion of the chimeric protein to the mitochondrial OM. The chimeric 

protein consists of transcription factor Gal4 fused to full-length Fis1p (There is also sfGFP 

between the Gal4 and Fis1 moieties, not shown). Mutations that prevent localization of the 

fusion protein to mitochondria allow movement of the Gal4 containing chimeric protein to 

the nucleus, thereby activating HIS3 and URA3 reporters (Courtesy of Dr. Dunn). (B) 

Deletion of the TA enables cells to grow on medium involving HIS3 or URA3 activation. 

The strain MaV203 expressing Gal4-Fis1p variants from plasmids b100 (WT), b101 

(ΔTA), or containing empty vector pKS1 was grown in SC-Trp medium, later, following 

serial dilution, spotted to SC-Trp, SMM-His + 20 mM 3-AT, or SC-Ura for 2d. 
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Figure 4.2. A Gal4-Fis1 chimeric protein localizes to mitochondria. fis1Δ strain 

CDD692 was transformed with plasmid b102, expressing a Gal4-Fis1p construct also 

harboring a central sfGFP domain from a high-copy plasmid. Mitochondrial DNA of live 

cells was stained with DAPI to reveal mitochondrial location. Mitochondrial DNA and 

Gal4-sfGFP-Fis1p were visualized by fluorescence microscopy.  

After we show that our experimental setup is applicable, we directly started to look 

for cis or trans mutations that would hinder targeting of Gal4-Fis1p to the MOM by 

isolating colonies that are able to grow on medium lacking uracil.  
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4.2 Searching for the trans factors related to targeting of Fis1p to the outer 

membrane of mitochondria 

 

We found with 33 Ura+ isolates which harbor either cis or trans mutation after the 

screen. Since our first aim is to identify trans factors taking a role in Fis1p targeting, we 

focused on selecting trans mutants. We mated these 33 Ura+ isolates (haploid) to the 

opposing mating type of yeast to identify recessive nuclear mutants defective in Fis1p 

insertion. If the trait is recessive and independent of the plasmid, the phenotype should 

disappear after the mating, meaning that diploids cannot survive under selective 

conditions. However, after sporulation, tetrad analysis should give two wild type spores 

and two mutant spores defective in Fis1p targeting. Following mating of these 33 Ura+ 

isolates with the opposing mating type strain (AH109), we found just one diploid strain 

which was unable to grow on selective medium, suggesting that the phenotype is due to a 

chromosomal mutation rather than being dependent on the plasmid. However, after 

sporulation, the phenotype had disappeared. We did not observe activation of the reporters 

by the wild type Gal4-Fis1p construct in any of the spores. In conclusion, we could not 

find any trans mutant strain.  

We also took advantage of candidate-based approach to be able to identify any 

component of the mitochondrial TA protein insertion machinery. Proteomic analysis of the 

yeast mitochondrial outer membrane conducted by Zahedi et al.185 informed us that some 

of the outer membrane proteins that they identified may have a role in Fis1p insertion. 

From the list of all proteins identified in the mitochondrial outer membrane, we picked the 

ones which are non-essential and may be related to the insertion of Fis1p. We also looked 

for some other potential proteins, unrelated to the mitochondrial outer membrane but might 

function in Fis1p insertion. Following selection of the potential proteins, we ordered the 

strains (from EUROSCARF) each of which lacks the coding sequence of one of the 

potential proteins playing a role in Fis1p insertion (Table 4.1). Next, we transformed these 

strains with b109 plasmid encoding mCherry-Fis1 TA protein. We already know that the 

TA of Fis1p is necessary and sufficient for mitochondrial targeting of mCherry. However, 

in all of the deletion strains (except spf1Δ), mCherry-Fis1 TA construct localized to 

mitochondria, suggesting that none of these proteins have an influence on insertion of 
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Fis1p into the MOM. It was already known that deletion of spf1p causes mislocalization of 

mitochondrial TA proteins to the ER (details were discussed in the discussion part).  

 

 

 

 

 

Table 4.1. Potential candidate proteins playing a role in Fis1p insertion 

 

 

 

 

Name of the strain 

 

Localization of the 

deleted protein 

 

Function of the deleted 

protein 

 

Localization of the 

mCherry-Fis1 TMD 

construct 

CDD948 (get2Δ) The ER membrane  Protein insertion into the ER 

membrane  

 

Mitochondria 

CDD949 (spf1Δ) The ER membrane  Cellular calcium ion 

homeostasis  

 Cellular manganese ion 

homeostasis 

 Sterol homeostasis 

 Transmembrane transport  

 

The ER 

CDD951 (tom6Δ) MOM  Mitochondrial outer 

membrane translocase complex 

assembly 

 Protein import into 

mitochondrial matrix  

Mitochondria 

CDD952 (om14Δ) MOM  Protein targeting to 

mitochondrion  

 Ribosome localization 

Mitochondria 

http://www.yeastgenome.org/go/GO:0045048/overview
http://www.yeastgenome.org/go/GO:0045048/overview
http://www.yeastgenome.org/go/GO:0006874/overview
http://www.yeastgenome.org/go/GO:0006874/overview
http://www.yeastgenome.org/go/GO:0030026/overview
http://www.yeastgenome.org/go/GO:0030026/overview
http://www.yeastgenome.org/go/GO:0055092/overview
http://www.yeastgenome.org/go/GO:0055085/overview
http://www.yeastgenome.org/go/GO:0070096/overview
http://www.yeastgenome.org/go/GO:0070096/overview
http://www.yeastgenome.org/go/GO:0070096/overview
http://www.yeastgenome.org/go/GO:0030150/overview
http://www.yeastgenome.org/go/GO:0030150/overview
http://www.yeastgenome.org/go/GO:0006626/overview
http://www.yeastgenome.org/go/GO:0006626/overview
http://www.yeastgenome.org/go/GO:0033750/overview
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CDD953 (get3Δ) Cytosol  ATP-independent chaperone 

mediated protein folding  

 Pheromone-dependent signal 

transduction involved in 

conjugation with cellular 

fusion  

 Posttranslational protein 

targeting to the ER membrane  

 Protein insertion into ER 

membrane 

 Retrograde vesicle-mediated 

transport, Golgi to ER 

Mitochondria 

CDD954 (get1Δ) The ER membrane  Protein insertion into ER 

membrane  

 Retrograde vesicle-mediated 

transport, Golgi to ER 

Mitochondria 

CDD955 (scm4Δ) MOM  Molecular function unknown  Mitochondria 

CDD956 (msp1Δ) MOM and 

Peroxisomal 

membrane 

 ATPase activity  

 Protein targeting to 

mitochondrion 

 

Mitochondria 

CDD957 (tom7Δ) MOM  Protein import into 

mitochondrial matrix  

 Protein import into 

mitochondrial outer membrane 

Mitochondria 

 

Since we could not acquire any solid result related to mitochondrial TA protein insertion 

machinery, we focused on the understanding of the structural and sequence characteristics 

of the TA of Fis1p which is essential for localization of Fis1p to mitochondrial OM.  

 

4.3 Cis mutations allowed us to gain insight into the structural and sequence 

characteristics of the TA of Fis1p 

As it was mentioned before, after the screening, we came up with 33 Ura+ isolates 

and only one of them was the potential recessive nuclear mutant. Since Ura+ phenotype of 

http://www.yeastgenome.org/go/GO:1990507/overview
http://www.yeastgenome.org/go/GO:1990507/overview
http://www.yeastgenome.org/go/GO:0000750/overview
http://www.yeastgenome.org/go/GO:0000750/overview
http://www.yeastgenome.org/go/GO:0000750/overview
http://www.yeastgenome.org/go/GO:0000750/overview
http://www.yeastgenome.org/go/GO:0006620/overview
http://www.yeastgenome.org/go/GO:0006620/overview
http://www.yeastgenome.org/go/GO:0045048/overview
http://www.yeastgenome.org/go/GO:0045048/overview
http://www.yeastgenome.org/go/GO:0006890/overview
http://www.yeastgenome.org/go/GO:0006890/overview
http://www.yeastgenome.org/go/GO:0045048/overview
http://www.yeastgenome.org/go/GO:0045048/overview
http://www.yeastgenome.org/go/GO:0006890/overview
http://www.yeastgenome.org/go/GO:0006890/overview
http://www.yeastgenome.org/ontology/go/molecular_function/overview
http://www.yeastgenome.org/go/GO:0016887/overview
http://www.yeastgenome.org/go/GO:0006626/overview
http://www.yeastgenome.org/go/GO:0006626/overview
http://www.yeastgenome.org/go/GO:0030150/overview
http://www.yeastgenome.org/go/GO:0030150/overview
http://www.yeastgenome.org/go/GO:0045040/overview
http://www.yeastgenome.org/go/GO:0045040/overview
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other 32 isolates is dependent on the plasmid encoding for Gal4-Fis1p construct, we 

isolated the plasmids from these isolates and sent to sequencing. Out of total 32 plasmids 

analyzed, at least seven of them were nonsense mutations and 19 were frameshift 

mutations. Nonsense mutations result in truncation of the resulting protein and frameshifts 

mutations change amino acids sequence of the protein. These findings suggest that strong 

Ura+ phenotype requires complete destruction of the TA which would not provide any 

useful information regarding the sequential or structural determinants crucial for TA 

protein targeting.  

It was previously shown that a Ura+ phenotype involves greater Gal4- dependent 

transcriptional activation than a His+ phenotype in the yeast two-hybrid strain that we used 

in this study186. Therefore, we proposed that selection of TA mutants based on the His+ 

phenotype would be more informative in terms of structural features of the TA as these 

mutations weaken, but do not completely hinder membrane association.  

As a result of the initial screen, we found 32 cis mutations and almost all of these 

mutations were located on the outside of the coding region of the TA. However, to be able 

to get information about structural features of the TA, we need mutations within the coding 

region of the TA. By taking advantage of mutagenic PCR, we induced random mutations 

just within the TMD of Gal4-Fis1 fusion protein. This time, we found isolates that 

proliferated on SMM-His+20mM AT but exhibited reduced proliferation on Sc-Ura 

medium compared to cells containing the Gal4-Fis1 (ΔTA) fusion protein. Sanger 

sequencing of the plasmids isolated from these isolates revealed that one clone has V145E 

mutation (amino acid numbering given in this study will correspond to that of the 

unmodified, full-length Fis1p protein), other two have L139P mutation, and the last one 

harbors two mutations: L129P and V138A. All of these substitution mutations are located 

within the TA of Fis1p (Table 4.2) 
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Table 4.2. Amino acid sequence of the TA of wild type Fis1p and the four clones 

              

 

Serial dilution assays verified that V145E and L139P exhibited strong His+ phenotype, yet 

weaker but still detectable Ura+ phenotype. On the other hand, while the L129P/V138A 

mutant displayed a His+ phenotype, it could not exhibit uracil prototrophy (unpublished 

results, performed in concert with Dr. Cory Dunn) which suggests that it may show less 

severe localization defect compared to other two mutants. It was not surprising to see that 

V145E mutation hampers mitochondrial localization of the chimeric protein due to the 

poor accommodation of a charged amino acid within the MAD of Fis1p which consists of 

a hydrophobic stretch of amino acids. Furthermore, the secondary structure of the TMD of 

Fis1p is predicted to be mostly alpha-helical, thereby isolating the potentially helix-

disrupting L139P may suggest a requirement of TA helicity for mitochondrial sorting.  

As the next step, we wanted to show that these mutations preventing Gal4-Fisp 

targeting are not isolated solely as a result of the Gal4p-based selection method. For this 

purpose, we took advantage of the transcription factor Pdr1p which provides resistance to 

various drugs187,188. Hyperactive Pdr1p is encoded by the PDR1-249 allele and provides 

cycloheximide (CHX) resistance189. Fusion of the wild type TA to Pdr1-249 did not 

provide CHX resistance. On the other hand, Pdr1-249-Fis1p (V145E) allowed CHX 

resistance, presumably since V145E mutation hampered insertion to the MOM, the 

chimeric protein entered to the nucleus and activated its targets (unpublished results, 

performed in concert with Dr. Cory Dunn). These findings verify that the mutations we 

generated by using our Gal4p-based approach are not likely to be related to the use of any 

specific transcriptional factor.  
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Our Gal4p-based approach provides indirect results on chimeric protein targeting to 

the MOM because of the drawbacks like mutant stability, sorting of the fusion protein to 

another compartment or other events unrelated to normal TA protein localization. In order 

to directly show that isolated TA mutations influence the MOM targeting, we hooked wild 

type TA and mutant TAs to the C-terminus of mCherry. We also labeled mitochondria 

with GFP by fusing GFP coding sequence to presequence of the Cox4 protein to 

demonstrate the mitochondrial localization of the chimeric proteins that we generated190. It 

must be indicated that the TA of Fis1p is devoid of the necessary information involved in 

mitochondrial fragmentation191, thereby localization of these chimeric proteins can’t be 

affected by interaction partners of Fis1p.  

Our microscopy results which show localization of the mCherry-Fis1p TMDs 

faithfully recapitulated our genetic results. As expected, while mCherry fused to the wild 

type TA localized to mitochondria, the mCherry signal for V145E and L139P was 

substantially cytosolic. Moreover, the L129P/V138A showed discernable mitochondrial 

localization but cytosolic mCherry signal was more intense (Figure 4.3) which is consistent 

with the weaker activation of Gal4 targets of this fusion protein. 
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Figure 4.3. Missense mutations within the TA of Fis1p result in cytosolic accumulation 

of a linked mCherry protein. Variants of Fis1p TA fused to mCherry were expressed in 

the wild-type strain CDD961 from plasmids b109 (WT), b134 (V145E), b135 (L139P), 

b136 (L129P, V138A), or b252 (ΔTA) and imaged by fluorescence microscopy. 

Mitochondria were labeled with a mitochondria-targeted GFP expressed from plasmid 

pHS1192. 

 

4.4 Deep mutational scanning reveals determinants of Fis1p tail-anchor targeting 

 

After seeing the success of our genetic approach in isolation of the TA mutations 

which influence mitochondrial targeting, we wanted to perform more global analysis to 

understand structural features of the TA of Fis1p. By utilizing degenerate primers and 

recombination-based cloning in S. cerevisiae, we aimed to create a library composed of all 

possible codons at every single one of 27 amino acid positions within the TA of Gal4-Fisp. 

Later, the total pool of the constructs containing Fis1p TA mutations were grown for four 

generations under six possible culture conditions: no selection for HIS3 or URA3 reporter 

activation, SC-Trp medium (selecting only for plasmid maintenance); selection for URA3 

activation, SC-Ura medium; and selection for HIS3 activation at different 3-AT 

concentrations, SMM-Trp-His medium with 0 mM, 5 mM, 10 mM, or 20 mM 3-AT. After 

isolation of plasmid DNA from each pool of mutants, TA coding sequences were amplified 
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by PCR and sent to next-generation sequencing. While analyzing the data, we only focused 

on the clones which have only zero or one amino acid change since the degenerate primers 

that we used can induce random substitution of just one amino acid. More than one 

substitution may occur as a result of any error during the PCR amplification. While all 

potential replacement mutations could not be detected within our starting library (Figure 

4.4), and some biases existed at each TA position, most potential amino acid mutations 

were represented within our pool. 98.9% of potential amino acid replacements were 

identified in the starting pool cultured in Sc-Trp, and 95.9 % of TAs with single mutations 

were represented by at least 10 counts. 
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Figure 4.4. An illustration of amino acid replacement representation within the Fis1p 

TA library. The fraction of counts representing each amino acid replacement in the 

starting SC-Trp library was compared to the fraction that would be expected based on 

randomized codon values. Native amino acids are represented by a black square with a 

blue dot. Amino acid replacements with no representation in the library are represented by 

empty black squares. 

There was no detectable difference in the relative abundance of the most mutants 

between the mutant pool grown in Sc-Trp and selective medium SMM-Trp-His with no 3-

AT (Figure 4.6A). This is not surprising because of leaky expression of HIS3 reporter 

independent of Gal4-mediated activation184. On the other hand, addition of 3-AT at 

different concentrations of 5mM (Figure 4.6B), 10mM (Figure 4.6C), or 20mM (Figure 

4.5) to the medium devoid of histidine, resulted in significant alteration in the distribution 

of the mutant pools towards to specific amino acids, urging us to do further experiments 

that are described below. As our initial screening performed for selection of cis or trans 

mutants demonstrated, the pool grown in SC-Ura medium exhibited very strong selection 

for nonsense mutations within the TA (Figure 4.6D), yet less marked biases among amino 

acids.  
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Figure 4.5. Mutations at specific locations within the TA of the Gal4-Fis1 chimeric 

protein enable Gal4-driven transcription. Log2 of enrichment values for each amino 

acid were calculated for every single position following selection in SMM-Trp-His 

medium with 20 mM 3-AT. Enrichment values are generated for individual amino acids 

positions within the TMD, and not across positions. Black boxes denote the native amino 

acid for each position.  
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Figure 4.6. Amino acid replacement frequencies within the Fis1p TA indicate that 

assessing histidine auxotrophy in the presence of 3-AT may provide the most 

informative results regarding Gal4-Fis1p location. Quantification of replacement in 

SMM-Trp-His medium without 3-AT (A), containing 5 mM 3-AT (B), containing 10 mM 

3-AT (C), or in SC-Ura medium (D). In all panels, black squares outline the native amino 

acid at each position within the Fis1p TMD. 
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During protein synthesis, specific codon usage can influence the translation rate and 

folding of the resulting polypeptide independent of the primary sequence of the protein193. 

Since the length of the TA domains of TA proteins is shorter than the length of the exit 

tunnel of the ribosome which corresponds to 30 to 40 amino acid residues long, TA 

proteins must be certainly inserted post-translationally. Therefore, we investigated 

enrichment of codon usage of wild type amino acids at their specific positions following 

selection for Gal4-Fis1p localization in the nucleus. However, this examination did not 

exhibit any noteworthy evidence for specific codons in controlling localization of the Fis1p 

(Figure 4.7). Even though the data are noisy because of lack of representation of some 

codons at each position, same amino acids within the TA were encoded by the same codon 

within our selection scheme, thereby making us concentrate on the amino acid sequence 

rather than the codon sequence of the library variants. 
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Figure 4.7. Codon usage has no role in Gal4-Fis1p targeting. Log2 of enrichment values 

for each codon following the selection of the Fis1p TMD library in SMM-Trp-His medium 
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containing 20 mM 3-AT are illustrated. Green boxes denote the native amino acid at each 

position 

4.5 Proline is not tolerated at many regions within the TA of Fis1p 

As it was shown in the previous studies, there is no strict preference for a specific 

amino acid at a specific position within the TA of mitochondrial TA proteins for targeting 

to the MOM27,28. Moreover, our deep mutational scanning analysis also revealed that 

replacement of most of the wild type amino acids within the TA did not cause activation of 

the reporters (Figure 4.5). Therefore, we focused on the essential mutations that result in 

activation of the reporters because of disruption of the structural characteristic of the TA 

required for proper targeting of Fis1p to the MOM. 

The L139P mutation that we identified in our preliminary selection suggested that 

prolines might not be tolerated within the hydrophobic MAD of Fis1p. Our deep 

mutational scanning analysis of Fis1 TMD in SMM-Trp-His+20mM 3-AT (Figure 4.5) 

also suggested that proline replacement in many positions impeded mitochondrial 

localization of the chimeric protein. Closer examination of the mutants that were in the top 

75% most frequently counted variants in the starting pool (>126 counts) and enriched at 

least four fold in SMM-Trp-His+20mM 3AT, 12 of 33 missense mutations of this set were 

proline mutations (Figure 4.8), which further affirms that mislocalization of the chimeric 

protein to nucleus is mostly because of proline replacements within the MAD. 
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Figure 4.8. Representation of the most abundant Gal4-Fis1p clones that are 

significantly enriched upon selection for nuclear translocation of the fusion protein. 

TA replacement mutations are plotted. Log2 enrichment values are given on the X-axis, 

and sequence counts recovered from the starting pool (SC-Trp) provided in the Y-axis. The 

replacement mutations which are above the 25 % percentile in mutant abundance in the 

starting pool and enriched at least four-fold following selection in SMM-Trp-His medium 

with 20 mM 3-AT are highlighted in green. (B) Expansion of the highlighted region in (A) 

showing specific TA mutations.  

To validate what we have seen in the deep mutational scanning analysis, we 

mutated four positions within the TMD to proline. We also included L139P mutant that is 



Chapter 4: Results                                                                                                     

  

48 
 

from our preliminary selection experiment. All proline replacement variants were tested 

both in the genetic assay and microscopy-based assay. Consistent with our large-scale 

analysis (Figure 4.5 and 4.8), V134P, L139P, A140P, and A144P mutations activated 

Gal4-driven reporter HIS3 (on SMM-His+20mM 3-AT, unpublished results, performed in 

concert with Dr. Cory Dunn), suggesting that mitochondrial insertion did not occur. Fusion 

of these Fis1p TA mutants to mCherry resulted in cytosolic localization of the chimeric 

proteins (Figure 4.9A) meaning that these proline substitutions hampered insertion of 

mCherry-Fis1 TA proline mutants to the MOM. These results indicate that secondary 

structure of the TA of Fis1p is essential for its function and disruption of the α-helical 

structure at many locations may interfere with the mitochondrial targeting. 
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Figure 4.9. Proline is not tolerated at many regions within the TA of Fis1p. (A) TAs 

containing proline substitutions can diminish mitochondrial targeting of a linked 

fluorescent protein. mCherry fused to proline variants of the Fis1 TA were expressed in the 

wild type strain CDD961 from plasmids b109 (WT), b208 (V134P), b209 (G137P), b135 

(L139P), b210 (A140P), b211 (A144P) and imaged. Mitochondria were labeled with a 

mitochondria-targeted GFP expressed from plasmid pHS1. (B) Deletion of the Msp1p 

extractase cannot reroute the mislocalized mCherry-Fis1 TA proline variants to 

mitochondria. Cells from msp1Δ/msp1Δ strain CDD1044 expressing pHS1 and plasmid 

b109 (WT), b208 (V134P), b135 (L139P), b210 (A140P), or b211 (A144P) were inspected 

as in Figure 4.3.  

Intriguingly, the G137P replacement was not remarkably enriched in the large-scale 

analysis (Figure 4.5). Moreover, the G137P mutation containing TA fused to mCherry 

strongly targeted to mitochondria which suggest that proline is not universally 

unacceptable within the MAD of the Fis1p. 

There are two possible explanations for mislocalization of the mCherry fused to 

mutant Fis1 TAs. First, mitochondrial targeting and insertion were hampered due to proline 

substitutions. Second, these mCherry-Fis1 TA variants were first inserted into the outer 

membrane of mitochondria; however, because of the stability problem within the lipid 

bilayer, these inserted fusion proteins were extracted by a quality control mechanism. It 

was recently identified that Msp1p is a novel mitochondrial protein quality control 

component in yeast. This ‘’extractase’’ can extract improperly folded or mislocalized 

proteins from the MOM194,195. Therefore, we hypothesized that mCherry fluorescent 

proteins fused to mutant TAs were first inserted to the MOM but subsequently extracted by 

Msp1p. However, deletion of Msp1p did not cause rerouting of the fluorescent proteins to 

mitochondria (Figure 4.9B) which provides no evidence for mitochondrial insertion of the 

mCherry-Fis1 TMDs harboring proline substitutions and then subsequent removal.  
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4.6 Lengthening or shortening of the TA of Fis1p does not influence targeting to 

mitochondria 

One of the main features that affects targeting of TA to various cellular 

compartments is the length of the TMD168,196. Our previous results demonstrated that at a 

specific region within the MAD, proline is tolerated. Therefore, we wondered whether this 

region (position 137) is amenable for deletion or insertion of new amino acids which 

would enable us to analyze the relationship between the length of TA of Fis1p and 

mitochondrial sorting. To test this, we inserted one (∇1A), two (∇2A), or three (∇3A) 

alanines between A135 and G136 within the TA of Gal4-Fis1p; however, any of these 

mutant constructs did not provide HIS3 or URA3 reporter activation (unpublished results, 

performed in concert with Dr. Cory Dunn). We also looked at localization of mCherry 

fused to a Fis1p TA harboring same insertions. All constructs were inserted to 

mitochondria (Figure 4.10A).  
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Figure 4.10. Length of the TA of Fis1p has no influence on mitochondrial targeting. 

(A) mCherry fused to a Fis1p TA harboring an insertion of up to three amino acids in 

length inserts into mitochondria. Strain CDD961 expressing mCherry-TA fusions from 

plasmid b109 (WT), b235 (∇1A), b236 (∇2A), or b237 (∇3A) was visualized as in Figure 

4.3. (B) mCherry fused to a Fis1p TA deleted of up to three amino acids localizes properly 

to mitochondria. Strain CDD961 expressing mCherry-TA fusion from plasmids b109 

(WT), b232 (ΔG136), b233 (ΔA135-G136), or b234 (ΔA135-G137) was visualized as in 

Figure 4.3. 

 

 



Chapter 4: Results                                                                                                     

  

52 
 

Later, we deleted one (ΔG136), two (ΔA135-G136), or (ΔA135-G137) three amino acids 

within the TA of Fis1p and performed same analysis. Similar to insertion mutants, 

deletions mutants were also not able to activate HIS3 or URA3 reporters (unpublished 

results, performed in concert with Dr. Cory Dunn). Localization of mCherry fused to a 

Fis1 TA carrying these same deletions was mitochondrial (Figure 4.10B). 

Spf1p is a P-type ATPase found in the membrane of the ER. It is involved in 

maintaining lipid composition of intracellular compartments. Therefore, disruption of 

Spf1p diminishes the contrast in ergosterol levels between the mitochondrial outer 

membrane and the ER. As a result of this, mitochondrial TA proteins are mislocalized to 

the ER197. Moreover, sterol concentration of lipid bilayers can also influence the bilayer 

thickness198, suggesting that deletions or insertions may allow mitochondrial TA proteins 

to relocalize to mitochondria again instead of the ER in the spf1Δ background. However, 

mCherry-Fis1 TA carrying insertion or deletion mutations remained localized to the ER in 

the mutants lacking Spf1p (Figure 4.11).  
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Figure 4.11. mCherry fused to varying length of a Fis1 TA remains localized to the ER 

in the cells lacking Spf1p. (A) Strain CDD1031, devoid of Spf1p and expressing 

mCherry-TA chimeric proteins from plasmids b109 (WT), b235 (∇1A), b236 (∇2A), or 

b237 (∇3A), b232 (ΔG136), b233 (ΔA135-G136), or b234 (ΔA135-G137) were visualized 

as in Figure 4.3. 

As a general conclusion, alteration of the length of the TMD of Fis1p up to three amino 

acids does not affect mitochondrial targeting of itself. 
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4.7 The positively charged amino acids found at extreme carboxyl terminus of the 

Fis1p are involved in mitochondrial targeting 

Closer examination of our deep mutational scanning data revealed that almost all of 

the nonsense mutations within the TA caused Gal4-Fis1p to move to the nucleus and 

activate the reporters (Figure 4.5). However, stop codon replacements within the charged 

RNKRR pentapeptide located at the end of the TA of Fis1p seem to allow some membrane 

localization. To elucidate the enigma behind this observation, we investigated the behavior 

of the R151X mutant which devoid of the all charged amino acids residing at the end of the 

TA. mCherry fused to R151X TA showed partial mitochondrial, partial the ER and some 

other  intracellular organelles localization  (Figure 4.12). Furthermore, R151X mutant of 

Gal4-Fis1p could not activate the Gal4-driven URA3 reporter at all and HIS3 reporter in 

the same extent of the Gal4-Fis1p lacking the entire TA (unpublished results, performed in 

concert with Dr. Cory Dunn). 

      

 

Figure 4.12. Positively charged amino acids located at the carboxyl-terminus of the 

TA of Fis1p are essential for mitochondrial targeting. Removal of the last five 

positively charged amino acids from the mCherry-Fis1p TA allows mislocalization to the 

ER and some other intracellular organelles. Strain CDD961 expressing mCherry fused to 
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the WT Fis1p TA (b109) or expressing mCherry linked to a truncated Fis1p TA (R151X) 

from plasmid b254 were examined as in Figure 4.3. White arrowheads denote mCherry 

localized to the ER.  

Intriguingly, the ER localization of mCherry fused to the R151X TA is independent 

of Get3p (Figure 4.13) which is a cytosolic chaperone involved in the targeting of the ER 

TA proteins160. This suggests that R151X TA mutant is targeted to the ER by an alternative 

parallel pathway.  

   

Figure 4.13. mCherry fused to the R151X TA is targeted to the ER in Get3p 

independent manner. Strain CDD1033 expressing mCherry fused to a WT Fis1p TA 

from plasmid b109 or expressing mCherry fused to a Fis1 TA lacking the positively 

charged carboxyl-terminus (R151X) from plasmid b254 were visualized as in Figure 4.3.  

Our results suggested that the positively charged amino acids found at the carboxyl 

terminus of the TA are crucial for organelle specificity; however, not necessary for 

membrane localization. 

We observed that R151X variant of Gal4-Fis1p activated the Gal4-driven HIS3 

reporter and mCherry carrying the same truncation was partially localized to the ER. Since 

the nuclear envelope is physically connected to the ER, we hypothesized that HIS3 reporter 

activation by R151X variant may be a consequence of the ER localization of the chimeric 
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protein. To test this hypothesis, we fused the human Fis1p (hFIS1) TA to both Gal4-Fis1p 

(ΔTA) and mCherry since it is already known that full-length hFIS1 is targeted to the ER 

in S. cerevisiae199. As expected, mCherry fused to the hFIS1 TA mostly localized to the ER 

(Figure 4.14A). However, Gal4 linked to the hFIS1 TA could not activate the HIS3 

reporter (unpublished results, performed in concert with Dr. Cory Dunn), suggesting that 

the ER localization of the R151X variant of Gal4-Fis1p is not likely to be the reason of the 

activation of the HIS3 reporter. 

 

 

    

Figure 4.14. The TAs of human proteins are not universally targeted to mitochondria 

in yeast. (A) mCherry hooked to the hFIS1 TA is mislocalized to the ER in S. cerevisiae. 
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Strain CDD961 harboring plasmid b257 expressing mCherry linked to the hFIS1 TA was 

examined as in Figure 4.3. (B) mCherry fused to the human BAX TA is localized to 

mitochondria in S. cerevisiae. Strain CDD961 containing plasmid b255, which expresses 

mCherry fused to the human BAX TA, was visualized as in Figure 4.3. 

After seeing mislocalization of the hFIS1 TA in S. cerevisiae, we wondered 

whether other mitochondrial human TA proteins would be targeted to mitochondria or 

some other compartments. Towards to this goal, we fused mCherry to the TA of human 

BAX protein (the domain which is sufficient for mitochondrial targeting in mammalian 

cells200). Even though the signal of mCherry reduced compared to the signal of other 

mCherry chimeric proteins visualized in this study and expressed under the same promoter, 

mCherry linked to the human BAX TA localized to mitochondria (Figure 4.14B). 

Moreover, Gal4-BAX TA chimeric protein did not provide reporter activation 

(unpublished results, performed in concert with Dr. Cory Dunn), indicating that BAX TA 

is sufficient for proper mitochondrial targeting in yeast.  

4.8 Positively charged amino acids are more tolerated than negatively charged amino 

acids within the TMD of Fis1p 

Our large-scale analysis demonstrated that glutamate and aspartate substitutions 

within the TMD of the Galp-Fis1p construct activated the selectable reporters (Figure 4.5). 

Indeed, a closer examination of the amino acid replacements in the top three quartiles of 

counts in the initial library and enriched at least four-fold upon culture in SMM-Trp-

His+20mM 3-AT, native amino acids were converted to aspartate or glutamate in 18 of 33 

missense mutations (Figure 4.8). Intriguingly, lysine or arginine replacements are more 

tolerated within the TMD of Fis1p than glutamate or aspartate. Lysine and arginine amino 

acids replacements were not in the high-enrichment, high count set (Figure 4.8).  

To examine what we have observed in the large scale analysis, we mutated four 

positions within the hydrophobic stretch of the TMD of Fis1p to lysine, arginine, aspartate 

and glutamate. We generated aminoacid replacements at positions V132, A140, A144, and 

F148. While position V132 is in the close proximity to the N-terminus of the TMD, 

position F148 resides at the C-terminal region of the TMD. Other two positions are located 

in the middle region of the TMD. Later, we tested the activity of these mutants in our 
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genetic system, selection for Gal4-Fis1p transcriptional activity. Our results recapitulated 

what we have seen in our global analysis. While aspartate and glutamate mutations 

activated the HIS3 reporter (on the plate containing 20 mM 3-AT), lysine and arginine 

were not able to provide histidine prototrophy (unpublished results, performed in concert 

with Dr. Cory Dunn). Only the A144D mutation could provide ample Gal4 activation for 

survival on SC-Ura medium (unpublished results, performed in concert with Dr. Cory 

Dunn), indicating a very rigorous TA localization defect originated by this TA mutation.  

We later examined the localization of mCherry fused to these charge mutant 

containing TAs under fluorescent microscopy. Lysine and arginine substitutions at the 

positions V132 and F148, which are within the TMD nearer to the putative water-lipid 

bilayer interface, permit mCherry to localize to mitochondria (Figure 4.15A). However, 

negatively charged amino acid substitutions prevented mitochondrial targeting of mCherry. 

It is obvious that F148D and F148E mutations hampered mitochondrial targeting more 

rigorously than V132D and V132E. Position A144 resides in the middle region of the 

TMD and all charge mutations at this position hindered mitochondrial targeting of 

mCherry in some degree. However, A144D and A144E mutations were less able to direct 

mCherry to mitochondria compared to A144K or A144R mutations. Moreover, none of the 

charge mutants located at the position A140 could direct mCherry to mitochondria. 

Interestingly, A140K and A140R mutants behaved differently than A140D and 140E 

mCherry-TA mutants. While A140D and 140E mutants were totally localized to the 

cytosol, A140K and A140R mutants were inserted into other compartments in the cell, 

such as plasma membrane. As a general conclusion for this part, our results strongly 

suggested that positively charged amino acids located at various positions within the TMD 

of Fis1p do not prevent mitochondrial targeting and are more tolerated than the negatively 

charged amino acids at these same positions.  

We also examined whether OM extractase Msp1 has a role in the extraction of 

those mislocalized charged Fis1p TAs from the outer membrane of mitochondria. 

However, deletion of Msp1p did not result in relocalization of previously mislocalized tail-

anchored fluorescent proteins to mitochondria (Figure 4.15B). These findings suggest that 

charge replacements within the TMD of Fis1p inhibit insertion of Fis1p to the MOM 

instead of providing enhanced removal from the outer membrane of mitochondria.    



Chapter 4: Results                                                                                                     

  

59 
 

 

 



Chapter 4: Results                                                                                                     

  

60 
 

Figure 4.15. Positively charged amino acids are more tolerated within the TMD of 

Fis1p for targeting to mitochondria rather than negatively charged amino acids. (A) 

Visualization of localization of mCherry-TA in the cells harboring Msp1p. CDD961 strain 

was transformed with plasmids expressing mCherry fused to the Fis1p TA containing the 

indicated charge replacements from plasmids b192-b207. Cells were examined as in Figure 

4.3. (B) Deletion of Msp1p does not result in relocalization of previously mislocalized tail-

anchored fluorescent proteins to mitochondria. msp1Δ/msp1Δ strain CDD1044 was 

transformed with the following plasmids encoding mCherry fused to the mutant TAs: b192 

(V132D), b196 (A140D), b197 (A140E), b198 (A140K), b199 (A140R), b200 (A144D), 

b201 (A144E), b134 (V145E), b204 (F148D), b205 (F148E). Cells were visualized as in 

Figure 4.3. 

We have already shown that positively charged amino acids are tolerated at some 

positions within the TMD of Fis1 and these charge mutations do not interfere with the 

insertion of Fis1p. However, here the question is whether these Fis1p variants containing 

charged amino acid substitutions are functional or not. To determine the functionality of 

these Fis1p variants (V132, A144, and V148), we carried out two different assays. Even 

negligible Fis1p activity is sufficient for mitochondrial fission191,197, which indicates that 

even minimal targeting of Fis1 to mitochondrial OM and related functionality of it could 

be observable by functional assays.  

In our first functional assay, we examined whether mitochondrial morphology 

defect is restored upon expression of Fis1p charge variants in a strain lacking endogenous 

Fis1p encoding gene. Fis1p is involved in fission of mitochondria and in the absence of 

Fis1p, mitochondria cannot divide; however, unchecked fusion results in a unified 

mitochondrial network181. Intriguingly, all Fis1p variants containing charge substitutions 

(except of Fis1p- (A144P)), positive or negative, at positions V132, A144 and V148 

demonstrated some Fis1p activity when they were expressed in a fis1Δ strain as indicated 

by mitochondrial morphology (Figure 4.16A). In Figure 4.15, we demonstrated that 

aspartate and glutamate substitutions within the TMD blocked mitochondrial targeting. 

However, this assay showed that even these Fis1p variants can provide some Fis1p 

function. Therefore, we concluded that even if mitochondrial localization of these variants 

is not detectable under microscope, still very little amount of Fis1p carrying negatively 
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charged amino acid substitution within the TMD is inserted to the MOM and this amount 

is sufficient for fission activity. Moreover, we can clearly state that A144D mutation 

inhibits mitochondrial targeting of Fis1p entirely. To further examine the activity of Fis1p, 

we perturbed mitochondrial morphology by treatment with sodium azide, which causes 

fragmentation of mitochondria that are able to divide201,202, thereby making easier to 

visualize mitochondrial fission defects. Similar to previous results, again all Fis1p variants 

provided mitochondrial fission activity but the A144D mutant (Figure 4.16B and Figure 

4.16C).  
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Figure 4.16. Fis1p variants containing positively or negatively charged amino acid 

substitutions within the TMD can promote fission activity. (A) Regular mitochondrial 

morphology is maintained even in the presence of positively or negatively charged amino 

acid substitutions within the hydrophobic TMD of Fis1p. CDD741 strain was transformed 

with a plasmid pRS313 expressing WT Fis1p (b239), or a plasmid expressing Fis1p 

containing a mutation that causes the indicated TMD alteration (plasmids b240-251). 

Mitochondrial morphology was examined by expression of mitochondria-targeted GFP 

from plasmid pHS12. (B) Induced, Fis1p-dependent mitochondrial fragmentation is 

allowed by charge placement within the Fis1p TMD. Transformants analyzed in (A) were 

treated with sodium azide to induce mitochondrial fragmentation, and cells were scored for 

the maintenance of a mitochondrial network. (C) Almost all charge replacements within 

the TMD of Fis1p allow Fis1p-dependent mitochondrial fragmentation. Images of azide-

treated cells scored in (B) 

We also performed a genetic assay of Fis1 function. When mitochondrial fission is 

blocked, as mentioned before, unchecked fusion results in a unified mitochondrial 

network181. However, mitochondrial function and mitochondrial DNA (mtDNA) are still 

kept. On the other hand, disruption of mitochondrial fusion, by deleting Fzo1p, results in 

mitochondrial fragmentation203,204. As a result of fragmentation, mtDNA is lost and these 

cells cannot grow on the nonfermentable carbon source since they are not able to respire203. 

However, when both fission and fusion are defective, mtDNA is kept and cells can 

respire190,201,181,205. As our microscopy-based analysis demonstrated, only the A144D 

variant of Fis1p did not show activity and let the cells keep mtDNA in the strain lacking 

Fzo1p (Figure 4.17). Since all other variants possessed sufficient fission activity, as a result 

of mitochondrial fragmentation, they lost their mtDNA in the absence of Fzo1p. In 

conclusion, our findings indicate that positively charged amino acid substitutions within 

the TMD of Fis1p can better promote mitochondrial targeting compared to negatively 

charged amino acids. However, it is also possible to see an accommodation of negatively 

charged amino acids, which may provide some low level of mitochondrial sorting, within 

the TMD of Fis1p. 
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Figure 4.17. Fis1p variants containing positively or negatively charged amino acid 

substitutions within the TMD can promote fission activity. Charge substitutions within 

the TMD of Fis1p do not prevent the function of Fis1p variants in the genetic assay. fzo1Δ 

fis1Δ strain CDD688, carrying a CHX-counter selectable marker, FZO1-expressing 

plasmid, was transformed with the Fis1p expressing plasmids enumerated in the legend of 

Figure 4.16A. Transformants were grown overnight in SMM-His medium to let cells lose 

the FZO1-encoding plasmid. Serial dilutions were spotted to Slac-His+3 µg/ml CHX and 

incubated for 5d to test for maintenance of mtDNA following counter selection for FZO1. 

As a control for cell proliferation under conditions not strongly selective for mtDNA 

maintenance, cells were also spotted to SMM-Trp-His medium and incubated for 2d. 

4.9 Bacterial tail anchors insert into the various organelles in S. cerevisiae including 

mitochondria 

It has been demonstrated that TA proteins are found in all domains of life and TA 

protein insertion mechanisms in eukaryotes may have originated from prokaryotes206. In 

the case of mitochondria, the scenario is a bit different. Because of its endosymbiotic 

origin, mitochondria lost or transferred a big fraction of its genome to the nuclear 

chromosome45. In other words, most of the mitochondrial proteins are encoded by the 
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nuclear genome. Therefore, mitochondrial TA proteins have to find their way to 

mitochondria after they are synthesized in the cytosol. Targeting of nuclear-encoded 

mitochondrial TA proteins to mitochondria requires an evolved insertion mechanism or 

targeting can also occur in an unguided manner. To have an idea about the evolutionary 

perspective of the putative mitochondrial TA protein insertion machinery, we investigated 

whether bacterial TAs could be directed to mitochondria in S. cerevisiae. To analyze this, 

we fused TA of eight Escherichia coli (E.coli) TA proteins (Table 4.3), which were 

identified in a bioinformatic screen206, to the C-terminus of mCherry.  

Table 4.3. List of the bacterial TA proteins that may potentially be targeted to 

various organelles in S. cerevisiae. 

Name of the 

bacterial TA protein 

Description of the protein 

elaB It is a membrane-anchored ribosome-binding protein. Its function is unknown. 

yqjD It is a membrane-anchored ribosome-binding protein. Its function is unknown. 

tcdA TcdA is an ATP-dependent dehydratase required to convert t(6)A37 to cyclic 

t(6)A37 in several tRNA species. 

ygiM ygiM has been detected as a membrane-bound homo-hexamer. It is a SH3 domain 

protein. Its function is unknown. 

waaR It is a lipopolysaccharide 1,2-glucosyltransferase. 

djlB DjlB is an uncharacterized DnaJ homolog (J domain-containing protein, JDP) that 

is a predicted HscC co-chaperone stimulating its chaperone partner's ATPase 

activity because of its similarities to known type III JDP DjlC HscC co-chaperone. 

flk It prevents premature secretion of FlgM and senses flagellar assembly stage. 

yhdV It is a novel verified lipoprotein, Its function is unknown. 
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We picked these eight bacterial TA proteins from the study of Borgese et al.206 just 

by looking whether the predicted TMD is close to the C-terminus of the TA protein. (Table 

4.4). We chose the ones which may have the potential to be targeted to mitochondria in S. 

cerevisiae. As it was shown in Table 4.4, elaB and yqjD have two arginines at the extreme 

c-terminus of the corresponding TA, resulting mitochondrial localization of mCherry as we 

expected. Indeed, elaB and yqjD are paralogs207 which further supports mitochondrial 

localization of both of them. TcdA has a slightly longer TA than the wild type Fis1p TA. 

However, four of the last ten amino acids of TcdA TA are positively charged, which is 

obviously enough for mitochondrial targeting as our data suggested. YgiM TA directed 

mCherry to peroxisome. Even though we did not verify the identity of these structures with 

a peroxisome marker, from the previous studies, we know that these structures are 

peroxisomes. waaR, djlB, and flk TAs were able to localize mCherry to the ER. Indeed, 

ER can accept TAs with different lengths and C-terminal region of different charge and 

size which do not have precise features for targeting to the MOM. Despite this, we did not 

observe any organelle localization of yhdV variant (Figure 4.17).  

 

Table 4.4. Predicted amino acid sequence of the TA of bacterial TA proteins. 
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Figure 4.18. Bacterial tail anchors are targeted to various organelles in S. cerevisiae. 

While elaB, yqjD and tcdA bacterial TAs direct mCherry to mitochondria, ygiM TA lead 

to peroxisomal localization of mCherry. Other three bacterial TAs, waaR, djlB and flk, 

allow localization to the ER. yhdV TA is not able to sort mCherry to any compartment in 

yeast. mCherry linked to different bacterial TAs were expressed in wild-type strain 

CDD961 from plasmids b109 (WT), b273 (flk), b274 (ygiM), b275 (elaB), b277 (yhdV), 

b278 (waaR), b279 (yqjD), b280 (djlB), b281 (TcdA), or b252 (ΔTA) and 

visualized, along with mitochondrial-targeted GFP, as in Figure 4.3
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CHAPTER 5 

 

DISCUSSION 

 

 

While how the ER and peroxisomal tail-anchored proteins are directed to their 

corresponding membranes were demonstrated, no insertion machinery has been identified 

for mitochondrial TA proteins. It was initially thought that the ER TA protein insertion 

was provided only by the SRP and Hsp40/Hsc70 family molecular chaperones. 

Identification of the universal ER TA protein insertion partway, GET pathway, elucidated 

the mysterious process of insertion of TA proteins into the ER membrane. History of the 

putative machinery responsible for insertion of mitochondrial TA proteins is similar to the 

story of the insertion mechanism of the ER TA proteins. Investigations on the nature of the 

putative mitochondrial TA protein insertion machinery have yielded conflicting results. It 

has been showed that TOM complex does not have any role in insertion of mitochondrial 

TA proteins Bcl-xL, Omp25, Bak, and Fis179,208. However, insertion of Tom22, which is 

also a TA protein, involves Tom20 and Tom70174 and itself of Tom22 was thought as the 

receptor that plays a crucial role in the insertion of Bax173. Furthermore, Tom20 is required 

for import of Bcl-2132,172. All these results suggest that TA proteins can be targeted to the 

outer membrane of mitochondria by more than one mechanism. However, it is possible 

that a universal mitochondrial TA protein insertion machinery may exist, similar to GET 

pathway. In this study, our initial aim was to identify a universal machinery of 

mitochondrial TA protein insertion if it exists. However, we were not able to identify any 

trans factor (even though we also looked for temperature sensitive mutants by considering 

the possibility of being essential of the target components for survival) related to the 

insertion of Fis1p.  

Two major drawbacks might restrict the identification of the mitochondrial TA 

protein insertion machinery. The first one is associated with our selection approach which 
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is designed to detect mutants that direct Gal4-Fis1p to the nucleus, yet mutants that are 

mislocalized to other organelles or are degraded, cannot be detected. A trans mutation 

within a gene coding for a trans factor taking a role in Fis1p insertion would prevent 

insertion of Gal4-Fis1p into the MOM. However, non-insertion of this chimeric to 

mitochondria does not mean that it would go into the nucleus and activate the selectable 

reporters. There are competitions between chaperones that recognize different TA proteins. 

The most stably and promptly binding chaperone determine the target organelle of TA 

protein209. Assuming that the mutated trans factor is the chaperone binding to 

mitochondrial TA protein, since Gal4-Fis1p would not be able to bind to right chaperone, it 

would be recognized by some other chaperones (due to the  kinetic factors mentioned 

above) taking a role in insertion of other kinds of TA proteins, like the ER or peroxisomal. 

Because of this interaction with another chaperone, Gal4-Fis1p would be inserted into 

another organelle, and we would not be able to see activation of the reporters and identify 

this mutant strain.  

The second and the most challenging problem is related to nature of mitochondrial 

TA protein insertion. As it is indicated before, mitochondrial TA protein insertion is 

controlled by more than one mechanism. Furthermore, insertion of Fis179, Bcl-2151, and 

mitochondrial isoform of b579 into protein-free lipid bilayer has been validated in vitro. 

The mitochondrial outer membrane has the lowest amount of ergosterol among all 

membranes presented in yeast9 and low ergosterol content increases the fluidity of a 

membrane79. It was postulated that this nature of the MOM facilitates faster insertion of 

mitochondrial TA proteins which provides a kinetic advantage to mitochondria compared 

to other organelles79. Because of the features that lead the unassisted integration of 

mitochondrial TA proteins into the MOM, identification of the chaperone-mediated 

specific targeting pathway may be masked in the selection approaches like ours. 

Our selection method is more prone for selection of cis mutants rather than trans 

mutants. As our initial screening results demonstrated, only 1 of the 33 Ura+ isolates was a 

trans mutant. For the selection of trans mutants, we improved our selection method. 

Towards to this goal, we generated another plasmid which expresses the same Gal4-Fis1p 

construct and has another counter-selectable marker. Following random mutagenesis, 

forcing cells to lose either of the plasmids will allow us to identify trans mutants. A cis 
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mutation in one of the plasmids encoding for Gal4-Fis1p results in activation of the 

selectable markers. However, since the probability of having a cis mutation in both of the 

plasmids at the same time is low, the strain in which the selectable markers are activated 

after removal of one of the plasmids separately, will be the potential trans mutant. Indeed, 

we generated the required plasmid; however, we did  not push too hard to find some trans 

mutants. By using this developed approach, trans mutants can be identified.  

Kinetic factors do not affect insertion of mitochondrial TA proteins if there is no 

machinery. However, if there is a putative insertion machinery, insertion efficiency could 

be influenced since the TA protein insertion machinery may be saturable. Number of the 

trans factors and how fast a TA protein is inserted into the MOM would matter in the case 

of existence of a TA protein insertion machinery. We expressed mCherry-Fis1 TA 

construct from a plasmid in which the coding region of this construct is under the GAL1 

inducible promoter. Even after induction of the culture with galactose for 5 hours, we 

observed strong mitochondrial localization of mCherry with no cytosolic localization 

(A.Keskin, unpublished results) suggesting that if there is a machinery for insertion of 

mitochondrial TA proteins, it is not saturable. 

Indeed, in this study, we mainly focused on a revealing structural characteristic of 

TMD of Fis1p since mitochondrial targeting information is encoded in these structural 

features. By taking advantage of deep mutational scanning approach, we investigated 

structural characteristics of the TMD of Fis1p. This is the first fine-grained analysis of a 

eukaryotic organelle targeting signal in which deep mutational scanning approach has been 

applied, to our knowledge. Coupling a selection or screening method to deep mutational 

scanning is very time- and cost- effective210,211,212. We completed mutant library 

generation, subsequent pool selection, and next generation sequencing in a few months. 

Deep mutational scanning has also been effectively utilized in other areas, like tumor 

suppressor structure and function213, membrane protein insertion in bacteria214 , and the 

relationship between a protein’s evolutionary path and present fitness215,216. 
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5.1 Positively charged amino acids within a mitochondrial transmembrane domain 

may ‘’snorkel’’ to the lipid bilayer.  

Since placing charged residues into the lipid bilayer is energetically unfavorable217, 

we were surprised to see that positively charged amino acids are tolerated within the MAD 

of Fis1p and do not interfere with mitochondrial targeting. Indeed, it was previously 

suggested that positively charged amino acids within the TA, lysine and arginine, possess 

relatively long aliphatic side chains which can integrate themselves into the hydrophobic 

milieu of the lipid bilayer. Since the aliphatic side chains of these positively charged amino 

acids are long enough, they are able to reach up to water-lipid bilayer interface region 

where positively charge head group of these amino acids can interact with negatively 

charged phosphate groups of the lipid bilayer. This behavior is termed as 

‘’snorkeling’’218,219,220. On the other hand, the shorter aliphatic side chains of aspartate and 

glutamate cannot reach out the membrane interface region in order to pull out the 

negatively charged head group from the hydrophobic environment. This property of 

negatively charged amino acids makes the TMD less stable within the lipid bilayer, thereby 

preventing insertion. Snorkeling has been observed in some other studies as well, such as 

structural studies of the Kv1.2 potassium channel221 and integrin β3222. There was a little 

functional evidence of snorkeling in vivo; however, by taking advantage of large-scale 

examination of charge replacement within the given TMD, we and other groups214 

suggested snorkeling ability of positively charge amino acids. Our large-scale analysis, and 

subsequently performed genetic and microscopy-based analysis strongly suggested the 

ability of lysine or arginine to be accommodated by snorkeling at various positions within 

the TMD of Fis1p.  

5.2 The TMD of the Fis1p may consist of two separable segments 

Previous computational analysis demonstrated that TMD of Fis1p has alpha helical 

secondary structure in nature223,224. Our results suggested that appropriate insertion of 

Fis1p involves an alpha-helical structure of the TMD since proline substitutions in most of 

the positions within the TMD blocked the insertion of Fis1p and it is known that proline is 

a helix breaker225. On the other hand, we observed that at the position G137, proline is 

more tolerated than the other proline substitutions located at the other positions tested 
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which indicates that TMD of Fis1p is bipartite in nature. We also did not see alteration in 

mitochondrial localization upon insertion of up to three alanines between A135 and G136, 

further supporting bipartite nature of the TMD of Fis1p. Furthermore, according to our 

deep mutational scanning data (Figure 4.5), it is obvious that mutations located at the 

carboxyl terminus end of the TMD seem to influence insertion more drastically than 

mutations found closer to amino terminus of the TMD. These findings indicate that those 

prolines may demarcate a borderline between different structural regions of the TMD. 

Even though proline residue is a α-helix breaker, it provides some flexibility to 

TMD to secure smooth integration of TA proteins into the MOM175, which suggests that 

presence of proline at the position G137 may further facilitate insertion of Fis1p. We just 

examined replacements of four proline within the TMD and three of them hindered 

insertion as the deep mutational scanning data suggested. However, positions A135 and 

G136 appear to be as tolerated as G137 for proline substitution (Figure 4.5). Testing 

proline replacement at these positions would also be informative about whether proline can 

provide some flexibility for facilitated insertion of TA proteins.  

Glycine is also not tolerated within alpha-helices226,227 due to its conformational 

flexibility. However, deep mutational scanning data did not exhibit diminished Fis1p 

insertion when most of the amino acids within the TMD were substituted to glycine. 

Indeed, this was initially surprising for us after seeing severe insertion defects caused by 

proline substitutions. However, the presence of a glycine in an alpha-helices found within a 

lipid bilayer is less disruptive compared to the presence of a glycine within an alpha-

helices of a soluble protein because of the ability of glycine making better intra-helical 

hydrogen bonding within the hydrophobic habitat of the lipid bilayer228. In fact, there are 

already four glycines within the TMD of S. cerevisiae Fis1p. Glycine is also found within 

the TMD of Fis1p orthologs199, suggesting that glycine is not as disruptive as proline 

within the TMD. 
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Figure 5.1. Longer amino acids cluster at one side of the α-helix. Amino acids having 

longer hydrocarbon chain, such as Leucine (L), cluster at a specific part of the α-helix 

while shorter amino acids, like Alanine (A), Valine (V), and Glycine (G), are distributed 

within the α-helix. The hydrophilic residues are presented as circles, hydrophobic residues 

as diamonds, and potentially positively charged as pentagons. Hydrophobicity is color 

coded as well: the most hydrophobic residue is green, and the amount of green is 

decreasing proportionally to the hydrophobicity, with zero hydrophobicity coded as 

yellow. Hydrophilic residues are coded red with pure red being the most hydrophilic 

(uncharged) residue, and the amount of red decreasing proportionally to the hydrophilicity. 

The potentially charged residues are light blue. The plot was generated using the Helical 

Wheel Projections program 

We also looked at the distribution of the amino acids within the α-helix structure of 

the TA of Fis1 by using the Helical Wheel Projections program. The plot revealed that 

amino acids having longer hydrocarbon chain, like Leucine (L), are concentrated on one 
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side of the helix while shorter amino acids, such as Alanine (A), Valine (V), and Glycine 

(G) are distributed within the helix (Figure 5.1).  However, we did not observe enrichment 

of Leucine at any specific region within the Fis1 TA in our large-scale analysis (Figure 

4.5). Indeed, this is expected because the primary structure of the Fis1 TA is different from 

3D (α-helix) secondary structure of the Fis1 TA. We also did not observe clustering of the 

positively charged amino acids. According to currently accepted Fis1p topology, positively 

charged amino acids found at the carboxyl-terminus of Fis1p are exposed to the 

mitochondrial intermembrane space. Since this charged region is not located within the 

MAD which gives rise to α-helix, the program is not able to place these positively charged 

amino acids properly.  

5.3 Positively charged amino acids found at the carboxyl terminus of Fis1p are 

required for specific targeting to mitochondria  

Four of the last five amino acids of the carboxyl terminus of Fis1p are positively 

charged and it was previously reported that those positively charged amino acids are 

essential for targeting of Fis1p and play a crucial role in insertion of TA proteins to the 

MOM168,196,199,191,229. Our genetic selection and microscopy-based analysis also 

demonstrated that this highly charged region is critical for proper membrane insertion and 

specific targeting to mitochondria. However, how these positively charged amino acids 

provide organelle specificity and insertion is not clear yet. 

5.4 Bacteria may have separate IM domains that might approximate the different ER 

and mitochondrial lipid composition 

 

Even though there is no known identified insertion machinery for mitochondrial TA 

proteins, it has been experimentally shown that mitochondrial TA protein insertion can 

occur spontaneously. In addition to Hsp40/Hsc70 family molecular chaperones and the 

SRP, targeting of the ER TA proteins in eukaryotes is mainly provided by the TRC40/GET 

system. All of the bacterial TA proteins mentioned in this study are integrated to the inner 

face of the cytoplasmic membrane where they can perform a variety of functions (Table 

4.3). Prokaryotic ArsA protein is a homolog of Get3p which is the chaperone binding ER 

TA proteins in yeast for their insertion. However, it has been shown that while archeal 
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Get3p homologue ArsA is involved in TA protein insertion in archaea domain, prokaryotic 

ArsA which is also a homolog of Get3p lacks the features required for TA insertion task206. 

Thus, GET3 targeting pathway in eukaryotes may have originated from our archeal 

ancestor. Therefore, since there is no known insertion machinery for bacterial TA proteins, 

we can suggest that insertion of all of these eight bacterial TAs discussed may occur 

spontaneously. However, here the question is what does promote their insertion into the 

various organelles in yeast?  

It is known that membrane of bacteria contains domains that exhibit divergence 

from the surrounding membrane in terms of lipid and protein composition230. For instance, 

at the septal regions and cell poles, the membrane of bacteria is enriched with cardiolipin 

(CL)231, reminiscent of the outer membrane of mitochondria. There could be some other 

domains on the membrane of bacteria whose lipid composition may be similar to lipid 

composition of the ER. In the light of this information, we thought that these various 

domains of the membrane of bacteria with different lipid composition may have a specific 

function in the cell. For example, the region similar to the membrane of the ER may 

exhibit similar functions to the ER. Therefore, we hypothesized that because of the lipid 

composition similarity, these spontaneously inserted bacterial TA proteins are targeted to a 

specific organelle in yeast. For instance, since elaB protein is possibly inserted to CL rich 

domain of the inner membrane of bacteria, it is directed to mitochondria in yeast due to the 

similarity of the lipid composition of OM of mitochondria to this CL rich domain of 

bacterial membrane. Indeed, physicochemical features of the TA of elaB also have a role in 

mitochondrial targeting in yeast. This can be also the case for the bacterial TA proteins 

targeted to the ER in yeast. However, unlike spontaneous insertion of bacterial TAs into 

the mitochondrial OM, the ER-targeted bacterial TAs may be recognized by Get3p to be 

inserted into the ER in assistant dependent manner.  

Another speculation related to insertion of mitochondrial TA protein to the MOM is 

that the first mitochondrion translocon may have been made up of TA proteins. Because of 

its endosymbiotic origin, a big fraction of mitochondrial genome was transferred to the 

nuclear chromosome. Therefore, mitochondrial proteins encoded by the nuclear genome 

have to go back to mitochondria after being synthesized in the cytosol. A translocon is 

required for this purpose and it is possible that first mitochondrion translocon may have 
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been made up of TA proteins since this kind of translocon machinery would not have 

required a preexisting machinery.  

Moreover, ygiM is the SRC homology 3 (SH3) domain protein and it has been 

previously demonstrated that S. cerevisiae PTS1 receptor Pex5p binds to SH3 domain of 

the peroxisomal membrane protein Pex13232. Potential binding of Pex5p to SH3 domain 

may explain peroxisomal localization of ygiM in yeast.  
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CHAPTER 6 

 

CONCLUSION AND OUTLOOK 

 

 

In this study, one of our aims was to reveal the molecular mechanism of TA protein 

insertion into the MOM by utilizing a positive selection method which is based on viability 

following mislocalization of a chimeric protein. As a consequence of screening for trans 

mutations, we could not identify any trans factor taking a role in Fis1p insertion. One of 

the major reason of it was the limitation of our selection method. Furthermore, 

spontaneous insertion ability of mitochondrial TA protein makes identification of any trans 

factor really challenging. By using our developed genetic approach mentioned in 

discussion part, trans factors can be identified.  

Considering these limitations, we focused on revealing the sequence and structural 

features of the TMD of Fis1p required for mitochondrial targeting. For this purpose, we 

coupled next generation sequencing to our selection method. Our deep mutational scanning 

analysis uncovered determinants of Fis1p tail-anchor targeting. Our results suggested that 

positively charged amino acids are more tolerated within the TMD of Fis1p than 

negatively charged residues and they do not interfere with insertion and functionality of 

Fis1p. Moreover, our results exhibited that length of the TMD of Fis1p does not influence 

targeting to mitochondria and proline is not tolerated at many positions within the TMD of 

Fis1p due to its helix-disrupting feature. Finally, we revealed that positively charged amino 

acids found at the carboxyl terminus of the Fis1p are important for organelle specificity; 

however, they are not required for membrane localization. 

We also wanted to show whether bacterial TAs are able to localize to mitochondria 

in yeast. We observed that most of the bacterial TAs localized to various organelles in 

yeast. Preliminary results of the currently ongoing experiments are promising. We showed 

mitochondrial localization of some of these bacterial TAs with microscopy-based analysis. 

To verify the results, further experiments are needed. We can investigate whether these 

bacterial TAs are targeted to any membrane in yeast via our genetic approach. To 

understand whether bacterial TAs behave like endogenously encoded eukaryotic TAs, we 
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can look at localization of mCherry fused to TA of those bacterial TAs in the spf1Δ strain. 

In addition, we need to clarify that whether mitochondrially localized bacterial TAs are 

really inserted or merely associated with mitochondria .Sodium-carbonate extraction 

experiment would inform us about that. Another intriguing question, can a bacterial TA 

which has the ability to be targeted to mitochondria provide functionality to an endogenous 

TA-targeted protein? To answer this question, the functionality of a Fis1p-elaB TA 

construct can be tested by microscopic or genetics assays that we utilized in this study. 

Furthermore, is the ER targeting of waaR, djlB, and flk Get3 dependent or peroxisomal 

targeting of ygiM Pex5p or Pex19p dependent? All these basic questions can be elucidated 

with simple knock-out experiments. 

This dissertation contributes to understanding of determinants of mitochondrial TA 

protein targeting. Systematic analyses of this kind, which give a comprehensive picture of 

features involved in protein targeting and which are made possible by the availability of 

next-generation sequencing, will probably be widely applied in the future. 
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APPENDIX A: Details of strains used in this study 

 

 

 

Strain Genotype Source Parental 

strain(s) 

Method Used 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0 

EUROSCARF 

Y00000 

  

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 

ura3Δ0 

EUROSCARF 

Y10000 

  

BY4743 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

EUROSCARF 

Y20000 

  

RJ1578 MATα op1 ade1 p+ (Dunn and 

Jensen, 2003) 

  

CDD463 MATa leu2∆0 his3∆200 met15∆0 

trp1∆63 ura3∆0 

(Garipler et al., 

2014) 

  

CDD688 MATa ura3-1 trp1Δ2 ade2-1 leu2-

3,112 his3-11,15 can1-100 cyh2 

fzo1Δ::LEU2 fis1Δ::kanMX4 + 

plasmid b19 [pFZO1-CYH2-

TRP1] 

(Mutlu et al., 

2014) 

  

CDD692 MATa ura3-1 trp1Δ2 ade2-1 leu2-

3,112 his3-11,15 can1-100 

fis1Δ::kanMX4 

(Mutlu et al., 

2014) 

  

CDD741 MATa ura3-1 trp1Δ2 ade2-1 leu2-

3,112 his3-11,15 can1-100 

fis1Δ::kanMX4 + plasmid pHS12 

[pCOX4(1-21)-GFP-LEU2] 

This study CDD692 Transformation with 

plasmid pHS12. 

MaV203 MATα leu2-3,112; trp1-901; 

his3∆200; ade2-101 (?); cyh2; 

can1; gal4∆; gal80∆; 

GAL1::lacZ; 

HIS3UASGAL1::HIS3@LYS2; 

SPAL10UASGAL1::URA3 

Invitrogen   

AH109 MATa trp1-901 leu2-3,112; ura3-

52 his3∆200 gal4∆ gal80∆, 

LYS2::GAL1UASGAL1TATA- HIS3, 

GAL2UAS-GAL2TATA-ADE2 

URA3::MEL1UAS-MEL1TATA-lacZ 

Clontech   
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CDD846 MATα leu2-3,112; trp1-901; 

his3∆200; ade2-101 (?); cyh2; 

can1; gal4∆; gal80∆; 

GAL1::lacZ; 

HIS3UASGAL1::HIS3@LYS2; 

SPAL10UASGAL1::URA3 + plasmid 

pKS1 

This study   

CDD847 MATα leu2-3,112; trp1-901; 

his3∆200; ade2-101 (?); cyh2; 

can1; gal4∆; gal80∆; 

GAL1::lacZ; 

HIS3UASGAL1::HIS3@LYS2; 

SPAL10UASGAL1::URA3 + plasmid 

b100 [pCYH2-TRP1-GAL4-

sfGFP-FIS1] 

This study   

CDD948 MATα yero83cΔ::KanMX4 EUROSCARF 

Y10223 

  

CDD949 MATα ye1031wΔ::KanMX4 EUROSCARF 

Y10272 

  

CDD951 MATα yor045wΔ::KanMX4 EUROSCARF 

Y11821 

  

CDD952 MATα ybr230cΔ::KanMX4 EUROSCARF 

Y13370 

  

CDD953 MATα ydl100cΔ::KanMX4 EUROSCARF 

Y13797 

  

CDD954 MATα ygl020cΔ::KanMX4 EUROSCARF 

Y14388 

  

CDD955 MATα ygr049uΔ::KanMX4 EUROSCARF 

Y14679 

  

CDD956 MATα his3Δ1 leu2Δ0 lys2Δ0 

ura3Δ0 msp1∆::kanMX4 

EUROSCARF 

Y16978 

  

CDD957 MATα ynl070wΔ::KanMX4 EUROSCARF 

Y17217 

  

CDD961 MATa/α his3Δ1/his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 + 

plasmid pHS1 [pCOX4(1-21)-

GFP-HIS3] 

This study BY4743 Transformation with 

plasmid pHS1. 
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CDD974 MATα his3Δ1 leu2Δ0 lys2Δ0 

ura3Δ0 ydr329c∆::kanMX4 

EUROSCARF 

Y13688 

  

CDD975 MATα his3Δ1 leu2Δ0 lys2Δ0 

ura3Δ0 ydl065c∆::kanMX4 

EUROSCARF 

Y13762 

  

CDD994 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

ylr324w∆::hphNT1/YLR324 

msp1∆::kanMX4/MSP1 

This study BY4741, 

CDD956 

YLR324W was disrupted 

with hphNT1 using primers 

1006/1007 and template 

pRS306H (Taxis and 

Knop, 2006). 

CDD1012 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

msp1∆::kanMX4/MSP1 

This study CDD994, 

BY4742 

CDD994 was sporulated, 

and a G418-resistant and 

hygromycin-sensitive 

spore was mated to 

BY4742. 

CDD1028 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

ydr329c∆::kanMX4/YDR329C 

get3∆::hphNT1/GET3 

This study BY4741, 

CDD974 

Strains BY4741 and 

CDD974 were mated.  

GET3 was disrupted with 

hphNT1 using primers 

1051/1052 and template 

pRS306H (Taxis and 

Knop, 2006). 

CDD1029 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

ydl065c∆::kanMX4/YDL065C 

get3∆::hphNT1/GET3 

This study BY4741, 

CDD975 

Strains BY4741 and 

CDD975 were mated.  

GET3 was disrupted with 

hphNT1 using primers 

1051/1052 and template 

pRS306H (Taxis and 

Knop, 2006). 

CDD1031 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

spf1∆::hphNT1/spf1∆::hphNT1 

This study CDD1012 SPF1 was disrupted with 

hphNT1 using primers 

749/750 and template 

pRS306H (Taxis and 

Knop, 2006). The resulting 

strain was sporulated, and 

two hygromycin-resistant, 

G418-sensitive spores of 

opposite mating type were 

mated. 

CDD1033 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

get3∆::hphNT1/get3∆::hphNT1 

This study CDD1028, 

CDD1029 

CDD1028 and CDD1029 

were sporulated.  

Hygromycin-resistant, 

G418-sensitive spores of 

opposite mating type were 

mated. 
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CDD1040 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

msp1∆::kanMX4/msp1∆::kanMX4 

This study CDD1012 SPF1 was disrupted with 

hphNT1 using primers 

749/750 and template 

pRS306H (Taxis and 

Knop, 2006). The resulting 

strain was sporulated, and 

two hygromycin-sensitive, 

G418-resistant colonies of 

opposite mating type were 

mated. 

CDD1044 MATa/α his3Δ1/ his3Δ1 

leu2Δ0/leu2Δ0 met15Δ0/MET15 

LYS2/lys2Δ0 ura3Δ0/ura3Δ0 

msp1∆::kanMX4/msp1∆::kanMX4 

+ plasmid pHS1 [pCOX4(1-21)-

GFP-HIS3] 

This study CDD1040 Transformation with 

plasmid pHS1. 
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APPENDIX B: Plasmids used for experiments during this study 

 

 

Plasmid Name Construction details or source 

pKS1 pCYH2-TRP1 (Ryan et al., 1998) 

pRS313 pARS-CEN-

HIS3 

(Sikorski and Hieter, 1989) 

pRS316 pARS-CEN-

URA3 

(Sikorski and Hieter, 1989) 

b19 pFZO1-CYH2-

TRP1 

(Mutlu et al., 2014) 

pHS1 pCOX4(1-21)-

GFP-HIS3 

(Sesaki and Jensen, 1999) 

pHS12 pCOX4(1-21)-

GFP-LEU2 

(Sesaki and Jensen, 1999) 

b100 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 

The FIS1 promoter was amplified from the gDNA of strain CDD48 using primers 698 

and 699.  The GAL4 ORF was amplified from CDD48 gDNA using primers 700 and 

701.  The superfolderGFP ORF was amplified using primers 702 and 703 and plasmid 

pFA6a-link-yoSuperfolderGFP-Kan (Lee et al, 2013).  The FIS1 ORF was amplified 

from CDD48 gDNA using primers 704 and 705.    The ADH1 3' UTR was amplified 

from CDD48 gDNA using primers 706 and 517.  PCR products were co-transformed 

with NotI-cut pKS1 into strain MaV203. 

b101 pCYH2-TRP1-

GAL4-sfGFP-

FIS1(∆TA) 

The FIS1 promoter was amplified from the gDNA of strain CDD48 using primers 698 

and 699.  The GAL4 ORF was amplified from CDD48 gDNA using primers 700 and 

701.  The superfolderGFP ORF was amplified using primers 702 and 703 and plasmid 

pFA6a-link-yoSuperfolderGFP-Kan (Lee et al, 2013).  The FIS1 ORF lacking the 

portion encoding the tail anchor was amplified from CDD48 gDNA using primers 704 

and 707.    The ADH1 3' UTR was amplified from CDD48 gDNA using primers 708 

and 517.  PCR products were co-transformed with NotI-cut pKS1 into strain MaV203. 

b102 2µ-TRP1-

GAL4-sfGFP-

FIS1 

The GAL4-sfGFP-FIS1 fusion and control sequences were amplified from plasmid b100 

using primers 738 and 739.  The PCR product was co-transformed with NotI-cut 

pRS424 (Sikorski and Hieter, 1989) into strain CDD836. 

b109 pLEU2-

mCherry-FIS1-

TA 

The ADH1 promoter was amplified from the gDNA of strain CDD847 using primers 

531 and 762.  The mCherry ORF was amplified from plasmid pHS12-mCherry 

[Addgene #25444, provided by Dr. Benjamin Glick, University of Chicago] using 

primers 763 and 764.  The genomic region encoding the FIS1 tail anchor the and ADH1 

3' UTR were together amplified from plasmid b100 using primers 765 and 517.  PCR 

products were co-transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into 

strain CDD847. 
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b128 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (V145E) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 698 and 776.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 773 and 517 and using a lower fidelity polymerase.  PCR 

products were co-transformed into strain MaV203 with NotI-cut pKS1.  Selection was 

performed on a SMM plate lacking histidine and including 20mM 3-AT. 

b129 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (L139P) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 698 and 776.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 773 and 517 and using a lower fidelity polymerase.  PCR 

products were co-transformed into strain MaV203 with NotI-cut pKS1.  Selection was 

performed on a SMM plate lacking histidine and including 20mM 3-AT. 

b130 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 

(L129P,V138A) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 698 and 776.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified using 

a lower fidelity polymerase from plasmid b100 using primers 773 and 517. 300 µM 

MnCl2 included in this PCR reaction.  PCR products were co-transformed into strain 

MaV203 with NotI-cut pKS1.  Selection was performed on a SMM plate lacking 

histidine and including 20mM 3-AT. 

b134 pLEU2-

mCherry-FIS1-

TA (V145E) 

The ADH1 promoter was amplified from gDNA (CDD847) using primers 531 and 762. 

The mCherry ORF was amplified from pHS12-mCherry [Addgene #25444, provided by 

Dr. Benjamin Glick, University of Chicago] using primers 763 and 764.  The region 

encoding the Fis1p tail anchor and the 3' UTR of ADH1 was amplified from plasmid 

b128 using primers 765 and 517.  PCR products were co-transformed into strain 

BY4743 with NotI-cut pRS315 (Sikorski and Hieter, 1989).  A product containing the 

ADH1 promotor, the mCherry ORF, and the tail anchor of FIS1 was amplified from the 

resulting plasmid using primers 531 and 774.  A second product containing the ADH1 3' 

UTR was amplified from the gDNA of strain CDD846 using primers 775 and 517.  

PCR products were co-transformed into strain BY4743 with NotI-cut pRS315 (Sikorski 

and Hieter, 1989). 

b135 pLEU2-

mCherry-FIS1-

TA (L139P) 

The ADH1 promoter was amplified from gDNA (CDD847) using primers 531 and 762. 

The mCherry ORF was amplified from plasmid pHS12-mCherry [Addgene #25444, 

provided by Dr. Benjamin Glick, University of Chicago] using primers 763 and 764.  

The region encoding the FIS1 tail anchor and the 3' UTR of ADH1 was amplified from 

plasmid b129 using primers 765 and 517.  PCR products were co-transformed into 

strain BY4743 with NotI-HF cut pRS315 (Sikorski and Hieter, 1989).  A product 

containing the ADH1 promotor, the mCherry ORF, and the tail anchor of FIS1 was 

amplified from the resulting plasmid using primers 531 and 774.  A second product 

containing the ADH1 3' UTR was amplified from the gDNA of strain CDD846 using 

primers 775 and 517.  PCR products were co-transformed into strain BY4743 with 

NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b136 pLEU2-

mCherry-FIS1-

TA (L129P, 

V138A) 

The ADH1 promoter was amplified from gDNA (CDD847) using primers 531 and 762. 

The mCherry ORF was amplified from plasmid pHS12-mCherry [Addgene #25444, 

provided by Dr. Benjamin Glick, University of Chicago] using primers 763 and 764.  

The region encoding the FIS1 tail anchor and the 3' UTR of ADH1 was amplified from 

plasmid b130 using primers 765 and 517.  PCR products were co-transformed into 

strain BY4743 with NotI-cut pRS315 (Sikorski & Hieter, 1989).  A product containing 
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the ADH1 promotor, the mCherry ORF, and the tail anchor of FIS1 was amplified from 

the resulting plasmid using primers 531 and 774.  A second product containing the 

ADH1 3' UTR was amplified from the gDNA of strain CDD846 using primers 775 and 

517.  PCR products were co-transformed into strain BY4743 with NotI-cut pRS315 

(Sikorski and Hieter, 1989). 

b158 pURA3-PDR1-

mCherry-FIS1-

TA 

The PDR1 promoter and PDR1 ORF were amplified from plasmid b60 (Mutlu et al., 

2014) using primers 11 and 900.  The mCherry ORF, the sequence encoding the Fis1p 

tail anchor, and the ADH1 3' UTR were amplified together from plasmid b109 using 

primers 899 and 12.  PCR products were co-transformed into strain BY4743 with NotI-

cut pRS316 (Sikorski and Hieter, 1989). 

b159 pURA3-PDR1-

mCherry-FIS1-

TA (V145E) 

The PDR1 promoter and PDR1 ORF were amplified from plasmid b60 (Mutlu et al., 

2014) using primers 11 and 900.  The mCherry ORF, the sequence encoding the Fis1p 

tail anchor, and the ADH1 3' UTR were amplified together from plasmid b134 using 

primers 899 and 12.  PCR products were co-transformed into strain BY4743 with NotI-

cut pRS316 (Sikorski and Hieter, 1989). 

b160 pURA3-PDR1-

249-mCherry-

FIS1-TA 

The PDR1 promoter and PDR1-249 ORF were amplified from plasmid b65 (Mutlu et 

al., 2014) using primers 11 and 900.  The mCherry ORF, the sequence encoding the 

Fis1p tail anchor, and the ADH1 3' UTR were amplified together from plasmid b109 

using primers 899 and 12.  PCR products were co-transformed into strain BY4743 with 

NotI-cut pRS316 (Sikorski and Hieter, 1989). 

b165 pURA3-PDR1-

249-mCherry-

FIS1-TA 

(V145E) 

The PDR1 promoter and PDR1-249 ORF were amplified from plasmid b65 (Mutlu et 

al., 2014) using primers 11 and 900.  The mCherry ORF, the sequence encoding the 

Fis1p tail anchor, and the ADH1 3' UTR were amplified together from plasmid b134 

using primers 899 and 12.  PCR products were co-transformed into strain BY4743 with 

NotI-cut pRS316 (Sikorski and Hieter, 1989). 

b172 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (V132D) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos4.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 906 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b173 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (V132E) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos4.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 907 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b174 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (V132K) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos4.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 908 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b175 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (V132R) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos4.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 909 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 
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b176 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A140D) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos12.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 910 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b177 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A140E) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos12.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 911 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b178 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A140K) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos12.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 912 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b179 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A140R) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos12.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 913 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b180 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A144D) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos16.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 914 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b181 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A144E) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos16.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 915 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b182 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A144K) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos16.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 916 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b183 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A144R) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos16.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 917 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b184 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (F148D) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos20.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 918 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 
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b185 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (F148E) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos20.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 919 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b186 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (F148K) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos20.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 920 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b187 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (F148R) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos20.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 921 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b188 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (V134P) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos6.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 969 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b189 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (G137P) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos9.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 970 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b190 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A140P) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos12.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 971 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b191 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (A144P) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos16.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 972 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b192 pLEU2-

mCherry-FIS1-

TA (V132D) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b172 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b193 pLEU2-

mCherry-FIS1-

TA (V132E) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b173 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 
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b194 pLEU2-

mCherry-FIS1-

TA (V132K) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b174 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b195 pLEU2-

mCherry-FIS1-

TA (V132R) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b175 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b196 pLEU2-

mCherry-FIS1-

TA (A140D) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b176 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b197 pLEU2-

mCherry-FIS1-

TA (A140E) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b177 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b198 pLEU2-

mCherry-FIS1-

TA (A140K) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b178 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b199 pLEU2-

mCherry-FIS1-

TA (A140R) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b179 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b200 pLEU2-

mCherry-FIS1-

TA (A144D) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b180 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b201 pLEU2-

mCherry-FIS1-

TA (A144E) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b181 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b202 pLEU2-

mCherry-FIS1-

TA (A144K) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b182 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 
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b203 pLEU2-

mCherry-FIS1-

TA (A144R) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b183 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b204 pLEU2-

mCherry-FIS1-

TA (F148D) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b184 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b205 pLEU2-

mCherry-FIS1-

TA (F148E) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b185 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b206 pLEU2-

mCherry-FIS1-

TA (F148K) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b186 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b207 pLEU2-

mCherry-FIS1-

TA (F148R) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and 764.  A second product containing a 

portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b187 using primers 

765 and 12.  PCR products were co-transformed into strain BY4743 with NotI-cut 

pRS315 (Sikorski and Hieter, 1989). 

b208 pLEU2-

mCherry-FIS1-

TA (V134P) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos6.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 969 and 12.  PCR products were co-transformed into strain BY4743 with 

NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b209 pLEU2-

mCherry-FIS1-

TA (G137P) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos9.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 970 and 12.  PCR products were co-transformed into strain BY4743 with 

NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b210 pLEU2-

mCherry-FIS1-

TA (A140P) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos12.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 971 and 12.  PCR products were co-transformed into strain BY4743 with 

NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b211 pLEU2-

mCherry-FIS1-

TA (A144P) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos16.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 972 and 12.  PCR products were co-transformed into strain BY4743 with 

NotI-cut pRS315 (Sikorski and Hieter, 1989). 
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b226 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (∆G136) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos9.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 1059 and 12.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. 

b227 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (∆A135-

G136) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos7.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 1058 and 12.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. 

b228 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (∆A135-

G137) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos7.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 1057 and 12.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. 

b229 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (∇1A) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos8.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 1060 and 12.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. 

b230 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (∇2A) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos8.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 1061 and 12.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. 

b231 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (∇3A) 

A product containing the FIS1 promotor, the GAL4 ORF, the superfolderGFP ORF, and 

a portion of FIS1 was amplified from plasmid b100 using primers 11 and rvspos8.  A 

second product containing a portion of FIS1 and the ADH1 3' UTR was amplified from 

plasmid b100 using primers 1062 and 12.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. 

b232 pLEU2-

mCherry-FIS1-

TA (∆G136) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos9.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 1059 and 12.  PCR products were co-transformed into strain BY4743 

with NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b233 pLEU2-

mCherry-FIS1-

TA (∆A135-

G136) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos7.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 1058 and 12.  PCR products were co-transformed into strain BY4743 

with NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b234 pLEU2-

mCherry-FIS1-

TA (∆A135-

G137) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos7.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 1057 and 12.  PCR products were co-transformed into strain BY4743 

with NotI-cut pRS315 (Sikorski and Hieter, 1989). 
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b235 pLEU2-

mCherry-FIS1-

TA (∇1A) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos8.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 1060 and 12.  PCR products were co-transformed into strain BY4743 

with NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b236 pLEU2-

mCherry-FIS1-

TA (∇2A) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos8.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 1061 and 12.  PCR products were co-transformed into strain BY4743 

with NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b237 pLEU2-

mCherry-FIS1-

TA (∇3A) 

A product containing the ADH1 promotor, the mCherry ORF, and a portion of FIS1 was 

amplified from plasmid b109 using primers 11 and rvspos8.  A second product 

containing a portion of FIS1 and the ADH1 3' UTR was amplified from plasmid b109 

using primers 1062 and 12.  PCR products were co-transformed into strain BY4743 

with NotI-cut pRS315 (Sikorski and Hieter, 1989). 

b238 pCYH2-TRP1-

FIS1 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b100 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. 

b239 pHIS3-FIS1 The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR were amplified from plasmid b238 

using primers 11 and 12, then co-transformed into strain BY4743 with NotI-cut pRS313 

(Sikorski and Hieter, 1989). 

b240 pHIS3-FIS1 

(V132D) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b172 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR 

were amplified from the resulting plasmid using primers 11 and 12, then co-transformed 

into strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b241 pHIS3-FIS1 

(V132E) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b173 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR 

were amplified from the resulting plasmid using primers 11 and 12, then co-transformed 

into strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b242 pHIS3-FIS1 

(V132K) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b174 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR 

were amplified from the resulting plasmid using primers 11 and 12, then co-transformed 

into strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b243 pHIS3-FIS1 

(V132R) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b175 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR 

were amplified from the resulting plasmid using primers 11 and 12, then co-transformed 

into strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 
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b244 pHIS3-FIS1 

(A144D) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b180 using primers 973 and 517.  PCR products were co-transformed into 

strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b245 pHIS3-FIS1 

(A144E) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b181 using primers 973 and 517.  PCR products were co-transformed into 

strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b246 pHIS3-FIS1 

(A144K) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b182 using primers 973 and 517.  PCR products were co-transformed into 

strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b247 pHIS3-FIS1 

(A144R) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b183 using primers 973 and 517.  PCR products were co-transformed into 

strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b248 pHIS3-FIS1 

(F148D) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b184 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR 

were amplified from the resulting plasmid using primers 11 and 12, then co-transformed 

into strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b249 pHIS3-FIS1 

(F148E) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b185 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR 

were amplified from the resulting plasmid using primers 11 and 12, then co-transformed 

into strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b250 pHIS3-FIS1 

(F148K) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b186 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR 

were amplified from the resulting plasmid using primers 11 and 12, then co-transformed 

into strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b251 pHIS3-FIS1 

(F148R) 

The FIS1 promoter was amplified from the yeast genomic DNA of strain CDD847 

using primers 698 and 974.  The FIS1 ORF and ADH1 3' UTR were amplified from 

plasmid b187 using primers 973 and 517.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. The FIS1 promoter, FIS1 ORF, and ADH1 3' UTR 

were amplified from the resulting plasmid using primers 11 and 12, then co-transformed 

into strain BY4743 with NotI-cut pRS313 (Sikorski and Hieter, 1989). 

b252 pLEU2-

mCherry-∆TA 

A PCR product containing the ADH1 promoter, the mCherry ORF, and a small portion 

of FIS1 lacking the region encoding the Fis1p tail anchor was amplified from plasmid 

b109 using primers 11 and 707.  A second product containing the ADH1 3' UTR was 

amplified from plasmid b109 using primers 708 and 12.  PCR products were co-

transformed into strain BY4743 with NotI-cut pRS315 (Sikorski and Hieter, 1989). 
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b253 pCYH2-TRP1-

GAL4-sfGFP-

FIS1 (R151X) 

The FIS1 promoter, GAL4 ORF, superfolderGFP ORF, and a portion of the region 

encoding the Fis1p tail anchor up to and including the 150th amino acid were amplified 

from plasmid b100 using primers 11 and rvspos23.  The ADH1 3' UTR was amplified 

from plasmid b100 using primers 903 and 12.  PCR products were co-transformed into 

strain CDD463 with NotI-cut pKS1. 

b254 pLEU2-

mCherry-FIS1-

TA (R151X) 

A PCR product containing the ADH1 promoter, the mCherry ORF, and a portion of the 

region encoding the Fis1p tail anchor up to and including the 150th amino acid was 

amplified from plasmid b109 using primers 11 and rvspos23.  A second product 

containing the ADH1 3' UTR was amplified from plasmid b109 using primers 903 and 

12.  PCR products were co-transformed into strain BY4743 with NotI-cut pRS315 

(Sikorski and Hieter, 1989). 

b255 pLEU2-

mCherry-BAX-

TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b109 using 

primers 11 and 764.  The genomic region encoding the tail anchor of human BAX was 

amplified from plasmid pBM272-BAX (Gross et al., 2000) using primers 922 an 923.  

The ADH1 3' UTR was amplified from plasmid b100 using primers 775 and 517.  PCR 

products were co-transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into 

strain CDD463. 

b257 pLEU2-

mCherry-

hFIS1-TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b109 using 

primers 11 and 764.  The genomic region encoding the human FIS1 tail anchor was 

amplified from human cell line genomic DNA using primers 924 and 925.  The ADH1 

3' UTR was amplified from plasmid b100 using primers 775 and 517.  PCR products 

were co-transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain 

CDD463. 

b258 pCYH2-TRP1-

GAL4-sfGFP-

hFIS1-TA 

The FIS1 promoter, GAL4 ORF, superfolderGFP ORF, and a genomic region of FIS1 

not encoding the tail anchor were amplified from plasmid b100 using primers 11 and 

984. The genomic region encoding the human FIS1 tail anchor was amplified from 

plasmid b257 using primers 924 and 925. The ADH1 3' UTR was amplified from 

plasmid b109 using primers 775 and 12.  PCR products were co-transformed into strain 

CDD463 with NotI-cut pKS1. 

b273 pLEU2-

mCherry-flk-

TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b152 using 

primers 11 and 764.  The genomic region encoding the tail anchor of bacterial flk  was 

amplified from E.coli(DH5α) gDNA using primers 955 an 956.  The ADH1 3' UTR was 

amplified from plasmid b152 using primers 775 and 12.  PCR products were co-

transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain CDD3. 

b274 pLEU2-

mCherry-ygiM-

TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b152 using 

primers 11 and 764.  The genomic region encoding the tail anchor of bacterial ygiM  

was amplified from E.coli(DH5α) gDNA using primers 963 an 964.  The ADH1 3' UTR 

was amplified from plasmid b152 using primers 775 and 12.  PCR products were co-

transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain CDD3. 

b275 pLEU2-

mCherry-elaB-

TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b152 using 

primers 11 and 764.  The genomic region encoding the tail anchor of bacterial elaB  was 

amplified from E.coli(DH5α) gDNA using primers 953 an 954.  The ADH1 3' UTR was 

amplified from plasmid b152 using primers 775 and 12.  PCR products were co-

transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain CDD3. 

b277 pLEU2-

mCherry-yhdV-

TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b152 using 

primers 11 and 764.  The genomic region encoding the tail anchor of bacterial yhdV  

was amplified from E.coli(DH5α) gDNA using primers 965 an 966.  The ADH1 3' UTR 
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was amplified from plasmid b152 using primers 775 and 12.  PCR products were co-

transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain CDD3. 

b278 pLEU2-

mCherry-

waaR-TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b152 using 

primers 11 and 764.  The genomic region encoding the tail anchor of bacterial waaR  

was amplified from E.coli(DH5α) gDNA using primers 959 an 960.  The ADH1 3' UTR 

was amplified from plasmid b152 using primers 775 and 12.  PCR products were co-

transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain CDD3. 

b279 pLEU2-

mCherry-yqjD-

TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b152 using 

primers 11 and 764.  The genomic region encoding the tail anchor of bacterial yqjD  

was amplified from E.coli(DH5α) gDNA using primers 967 an 968.  The ADH1 3' UTR 

was amplified from plasmid b152 using primers 775 and 12.  PCR products were co-

transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain CDD3. 

b280 pLEU2-

mCherry-djlB-

TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b152 using 

primers 11 and 764.  The genomic region encoding the tail anchor of bacterial djlB  was 

amplified from E.coli(DH5α) gDNA using primers 951 an 952.  The ADH1 3' UTR was 

amplified from plasmid b152 using primers 775 and 12.  PCR products were co-

transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain CDD3. 

b281 pLEU2-

mCherry-tcdA-

TA 

The ADH1 promoter and the mCherry ORF were amplified from plasmid b152 using 

primers 11 and 764.  The genomic region encoding the tail anchor of bacterial tcdA  

was amplified from E.coli(DH5α) gDNA using primers 957 an 958.  The ADH1 3' UTR 

was amplified from plasmid b152 using primers 775 and 12.  PCR products were co-

transformed with NotI-cut pRS315 (Sikorski and Hieter, 1989) into strain CDD3. 
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APPENDIX C: List of primers used in this study 

 

 

 

Name Sequence 

11 GTAAAACGACGGCCAGTGAATTG 

12 CGCCAAGCTCGGAATTAACCCTCAC 

517 ATATCGAATTCCTGCAGCCCGGGGGATCCATGCCGGTAGAGGTGTGGTCAAT

AAGAGCGA 

531 GACTCACTATAGGGCGAATTGGAGCTCCACATCCTTTTGTTGTTTCCGGGTG

TAC 

698 GACTCACTATAGGGCGAATTGGAGCTCCACCAGTTCAAATAACATGTGTCCA

TTACCTGT 

699 TGCTTGTTCGATAGAAGACAGTAGCTTCATACTTATGTTGTATGGCTGTGCTC

TGATCTG 

700 CAGATCAGAGCACAGCCATACAACATAAGTATGAAGCTACTGTCTTCTATCG

AACAAGCA 

701 ACCTGTAAACAATTCCTCGCCTTTAGACATCTCTTTTTTTGGGTTTGGTGGGG

TATCTTC 

702 GAAGATACCCCACCAAACCCAAAAAAAGAGATGTCTAAAGGCGAGGAATTG

TTTACAGGT 

703 AAGAGTTGGCCAAAAATCTACTTTGGTCATTTTGTACAATTCGTCCATTCCTA

ATGTTAT 

704 ATAACATTAGGAATGGACGAATTGTACAAAATGACCAAAGTAGATTTTTGG

CCAACTCTT 

705 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTACCTTCTCTTGTTTCTTAAGA

AGAAACT 

706 AGTTTCTTCTTAAGAAACAAGAGAAGGTAAACACTTCTAAATAAGCGAATTT

CTTATGAT 

707 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTATGTTTCCTTCTGGATCTTAT

CCTCTACCAT 

738 CGAATTCCTGCAGCCCGGGGGATCCACTAGCAGTTCAAATAACATGTGTCCA

TTACCTGT 

739 CTCACTAAAGGGAACAAAAGCTGGAGCTCCTGCCGGTAGAGGTGTGGTCAA

TAAGAGCGA 

708 ATGGTAGAGGATAAGATCCAGAAGGAAACATAAACACTTCTAAATAAGCGA

ATTTCTTATGAT 

749 AGTTGACATATCAGACCTACAGAAACATAGGAATCGGTAAAGATTGTACTG

AGAGTGCAC 

750 AGTATATAAATACAAAAAGGGGTACTACATAAAAGATTTACTGTGCGGTAT

TTCACACCG 

762 CATGTTATCCTCCTCGCCCTTGCTCACCATTGTATATGAGATAGTTGATTGTA

TGCTTGG 
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763 CCAAGCATACAATCAACTATCTCATATACAATGGTGAGCAAGGGCGAGGAG

GATAACATG 

764 TGTTTCCTTCTGGATCTTATCCTCTACCATCTTGTACAGCTCGTCCATGCCGC

CGGTGGA 

765 TCCACCGGCGGCATGGACGAGCTGTACAAGATGGTAGAGGATAAGATCCAG

AAGGAAACA 

773 TTTGAAGAGTATGGTAGAGGATAAGATCCAGAAGGAAACA 

774 ATCATAAATCATAAGAAATTCGCTTATTTAGAAGTGTTTA 

775 TAAACACTTCTAAATAAGCGAATTTCTTATGATTTATGAT 

776 TGTTTCCTTCTGGATCTTATCCTCTACCATACTCTTCAAA 

899 ATCCTGTGGAGCGACGTTTATCCAGATAGTATGGTGAGCAAGGGCGAGGAG

GATAACATG 

900 CATGTTATCCTCCTCGCCCTTGCTCACCATACTATCTGGATAAACGTCGCTCC

ACAGGAT 

903 GTGGCCGTGGCTAGTTTCTTCTTATAAACACTTCTAAATAAGCGAATTTCTTA

TG 

906 GATAAGATCCAGAAGGAAACACTCAAGGGTGATGTCGTCGCTGGAGGCGTA

C 

907 GATAAGATCCAGAAGGAAACACTCAAGGGTGAGGTCGTCGCTGGAGGCGTA

C 

908 GATAAGATCCAGAAGGAAACACTCAAGGGTAAGGTCGTCGCTGGAGGCGTA

C 

909 GATAAGATCCAGAAGGAAACACTCAAGGGTCGTGTCGTCGCTGGAGGCGTA

C 

910 AAGGGTGTTGTCGTCGCTGGAGGCGTACTAGATGGCGCTGTGGCCGTG 

911 AAGGGTGTTGTCGTCGCTGGAGGCGTACTAGAGGGCGCTGTGGCCGTG 

912 AAGGGTGTTGTCGTCGCTGGAGGCGTACTAAAGGGCGCTGTGGCCGTG 

913 AAGGGTGTTGTCGTCGCTGGAGGCGTACTACGTGGCGCTGTGGCCGTG 

914 GTCGCTGGAGGCGTACTAGCCGGCGCTGTGGATGTGGCTAGTTTCTTCTTAA

GAAACAAGAGAAG 

915 GTCGCTGGAGGCGTACTAGCCGGCGCTGTGGAGGTGGCTAGTTTCTTCTTAA

GAAACAAGAGAAG 

916 GTCGCTGGAGGCGTACTAGCCGGCGCTGTGAAGGTGGCTAGTTTCTTCTTAA

GAAACAAGAGAAG 

917 GTCGCTGGAGGCGTACTAGCCGGCGCTGTGCGTGTGGCTAGTTTCTTCTTAA

GAAACAAGAGAAG 

918 GTACTAGCCGGCGCTGTGGCCGTGGCTAGTGATTTCTTAAGAAACAAGAGA

AGGTAAACACTTC 

919 GTACTAGCCGGCGCTGTGGCCGTGGCTAGTGAGTTCTTAAGAAACAAGAGA

AGGTAAACACTTC 

920 GTACTAGCCGGCGCTGTGGCCGTGGCTAGTAAGTTCTTAAGAAACAAGAGA

AGGTAAACACTTC 

921 GTACTAGCCGGCGCTGTGGCCGTGGCTAGTCGTTTCTTAAGAAACAAGAGA

AGGTAAACACTTC 

922 ATGGTAGAGGATAAGATCCAGAAGGAAACATGGCAGACAGTGACCATCTTT

GTGGCTGGA 
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923 ATCATAAGAAATTCGCTTATTTAGAAGTGTTCAGCCCATCTTCTTCCAGATG

GTGAGCGA 

924 ATGGTAGAGGATAAGATCCAGAAGGAAACAGGACTCGTGGGCATGGCCATC

GTGGGAGGC 

925 ATCATAAGAAATTCGCTTATTTAGAAGTGTTCAGGATTTGGACTTGGACACA

GCAAGTCC 

951 ATGGTAGAGGATAAGATCCAGAAGGAAACACTGGGCATCATTAAAATTATT

TTCTATATT 

952 ATCATAAGAAATTCGCTTATTTAGAAGTGTTCACCCGAACAGATGGAGTATT

TTCCCTAT 

953 ATGGTAGAGGATAAGATCCAGAAGGAAACACCCTGGCAAGGAATTGGTGTG

GGCGCGGCC 

954 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTAACGGCGTGCCAGCAACAGT

CCTAGTAC 

955 ATGGTAGAGGATAAGATCCAGAAGGAAACACCCGCGCTGTGGATACTGTTA

GTCGCGATT 

956 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTAACGAACCAGCCAGACCAGC

ATCAGGAT 

957 ATGGTAGAGGATAAGATCCAGAAGGAAACAGCATCTGGATTTGGCGCGGCA

ACGATGGTG 

958 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTAACCCTGACGCGCCGCTTTC

GCCATCAT 

959 ATGGTAGAGGATAAGATCCAGAAGGAAACATTAGTGCAACATCATTATATC

TCAGGAATT 

960 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTATTTACGGTAATATTTTCGGC

AAAGATA 

963 ATGGTAGAGGATAAGATCCAGAAGGAAACATGGTTTATGTATGGCGGTGGC

GTGCTGGGG 

964 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTAGTTCATCCAGCGATCTTTGC

GTTTGCG 

965 ATGGTAGAGGATAAGATCCAGAAGGAAACAACGGCTGGGGCTATTGCCGGC

GGGGCAGCT 

966 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTATTTCGATAGAGCGATGATC

CCCATCGT 

967 ATGGTAGAGGATAAGATCCAGAAGGAAACATGGACGGGCGTGGGCATTGGC

GCTGCAATC 

968 ATCATAAGAAATTCGCTTATTTAGAAGTGTTTAACGACGCGACAGCAGAAC

GCCGAGCAC 

969 ATCCAGAAGGAAACACTCAAGGGTGTTGTCCCCGCTGGAGGCGTACTAGCC

G 

970 GAAACACTCAAGGGTGTTGTCGTCGCTGGACCCGTACTAGCCGGCGCTGTGG 

971 AAGGGTGTTGTCGTCGCTGGAGGCGTACTACCCGGCGCTGTGGCCGTG 

972 GTCGCTGGAGGCGTACTAGCCGGCGCTGTGCCCGTGGCTAGTTTCTTCTTAA

GAAACAAGAGAAG 

973 CAGATCAGAGCACAGCCATACAACATAAGTATGACCAAAGTAGATTTTTGG

CCAACTCTT 
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974 AAGAGTTGGCCAAAAATCTACTTTGGTCATACTTATGTTGTATGGCTGTGCT

CTGATCTG 

984 TGTTTCCTTCTGGATCTTATCCTCTACCAT 

1006 CTGTCTAGTTGATCCTCCGGAGTGTAAAAACTGATTTTCAAGATTGTACTGA

GAGTGCAC 

1007 TAGAGATTATATTATGTAAAGGTAAAAACGGGAGCGAGCACTGTGCGGTAT

TTCACACCG 

1051 AAACGTACGACAAGAACAAGAAGATCATCACATTGTAATTAGATTGTACTG

AGAGTGCAC 

1052 TTATATGTCGTATGTATCTATTTATGGTATTCAGGGGCTTCTGTGCGGTATTT

CACACCG 

1057 GGAAACACTCAAGGGTGTTGTCGTCGTACTAGCCGGCGCTGTGGCCGTGGCT

AGTTTCTT 

1058 GGAAACACTCAAGGGTGTTGTCGTCGGCGTACTAGCCGGCGCTGTGGCCGT

GGCTAGTTT 

1059 GGGTGTTGTCGTCGCTGGAGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTC

TTCTTAAG 

1060 CTCAAGGGTGTTGTCGTCGCTGCCGGAGGCGTACTAGCCGGCGCTGTGGCCG

TGGCTAGT 

1061 CTCAAGGGTGTTGTCGTCGCTGCCGCAGGAGGCGTACTAGCCGGCGCTGTGG

CCGTGGCT 

1062 CTCAAGGGTGTTGTCGTCGCTGCCGCAGCGGGAGGCGTACTAGCCGGCGCT

GTGGCCGTG 

fwdpos1 ATGGTAGAGGATAAGATCCAGAAGGAAACANNNAAGGGTGTTGTCGTCGCT

GG 

rvspos1 TGTTTCCTTCTGGATCTTATCCTCTACCATAC 

fwdpos2 GTAGAGGATAAGATCCAGAAGGAAACACTCNNNGGTGTTGTCGTCGCTGGA

G 

rvspos2 GAGTGTTTCCTTCTGGATCTTATCCTCTACC 

fwdpos3 GAGGATAAGATCCAGAAGGAAACACTCAAGNNNGTTGTCGTCGCTGGAGGC

G 

rvspos3 CTTGAGTGTTTCCTTCTGGATCTTATCCTC 

fwdpos4 GATAAGATCCAGAAGGAAACACTCAAGGGTNNNGTCGTCGCTGGAGGCGTA

C 

rvspos4 ACCCTTGAGTGTTTCCTTCTGGATCTTATC 

fwdpos5 AAGATCCAGAAGGAAACACTCAAGGGTGTTNNNGTCGCTGGAGGCGTACTA

GC 

rvspos5 AACACCCTTGAGTGTTTCCTTCTGGATCTTATC 

fwdpos6 ATCCAGAAGGAAACACTCAAGGGTGTTGTCNNNGCTGGAGGCGTACTAGCC

G 

rvspos6 GACAACACCCTTGAGTGTTTCCTTC 

fwdpos7 CAGAAGGAAACACTCAAGGGTGTTGTCGTCNNNGGAGGCGTACTAGCCGGC 

rvspos7 GACGACAACACCCTTGAGTGTTTCC 

fwdpos8 AAGGAAACACTCAAGGGTGTTGTCGTCGCTNNNGGCGTACTAGCCGGCGC 

rvspos8 AGCGACGACAACACCCTTGAG 

fwdpos9 GAAACACTCAAGGGTGTTGTCGTCGCTGGANNNGTACTAGCCGGCGCTGTG
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G 

rvspos9 TCCAGCGACGACAACACCC 

fwdpos10 ACACTCAAGGGTGTTGTCGTCGCTGGAGGCNNNCTAGCCGGCGCTGTGGC 

rvspos10 GCCTCCAGCGACGACAACAC 

fwdpos11 CTCAAGGGTGTTGTCGTCGCTGGAGGCGTANNNGCCGGCGCTGTGGCCGT 

rvspos11 TACGCCTCCAGCGACGACAACACCCTTGAG 

fwdpos12 AAGGGTGTTGTCGTCGCTGGAGGCGTACTANNNGGCGCTGTGGCCGTG 

rvspos12 TAGTACGCCTCCAGCGACG 

fwdpos13 GGTGTTGTCGTCGCTGGAGGCGTACTAGCCNNNGCTGTGGCCGTGGCTAGTT

TC 

rvspos13 GGCTAGTACGCCTCCAGCG 

fwdpos14 GTTGTCGTCGCTGGAGGCGTACTAGCCGGCNNNGTGGCCGTGGCTAGTTTCT

TCTTAAG 

rvspos14 GCCGGCTAGTACGCCTCC 

fwdpos15 GTCGTCGCTGGAGGCGTACTAGCCGGCGCTNNNGCCGTGGCTAGTTTCTTCT

TAAGAAAC 

rvspos15 AGCGCCGGCTAGTACGC 

fwdpos16 GTCGCTGGAGGCGTACTAGCCGGCGCTGTGNNNGTGGCTAGTTTCTTCTTAA

GAAACAAGAGAAG 

rvspos16 CACAGCGCCGGCTAGTACG 

fwdpos17 GCTGGAGGCGTACTAGCCGGCGCTGTGGCCNNNGCTAGTTTCTTCTTAAGAA

ACAAGAGAAGG 

rvspos17 GGCCACAGCGCCGGCTAGTACGCCTCCAGC 

fwdpos18 GGAGGCGTACTAGCCGGCGCTGTGGCCGTGNNNAGTTTCTTCTTAAGAAAC

AAGAGAAGGTAAACACTTC 

rvspos18 CACGGCCACAGCGCCG 

fwdpos19 GGCGTACTAGCCGGCGCTGTGGCCGTGGCTNNNTTCTTCTTAAGAAACAAGA

GAAGGTAAACACTTC 

rvspos19 AGCCACGGCCACAGCG 

fwdpos20 GTACTAGCCGGCGCTGTGGCCGTGGCTAGTNNNTTCTTAAGAAACAAGAGA

AGGTAAACACTTC 

rvspos20 ACTAGCCACGGCCACAGC 

fwdpos21 CTAGCCGGCGCTGTGGCCGTGGCTAGTTTCNNNTTAAGAAACAAGAGAAGG

TAAACACTTCTAAATAAGC 

rvspos21 GAAACTAGCCACGGCCACAGC 

fwdpos22 GCCGGCGCTGTGGCCGTGGCTAGTTTCTTCNNNAGAAACAAGAGAAGGTAA

ACACTTCTAAATAAGCG 

rvspos22 GAAGAAACTAGCCACGGCCACAG 

fwdpos23 GGCGCTGTGGCCGTGGCTAGTTTCTTCTTANNNAACAAGAGAAGGTAAACA

CTTCTAAATAAGCG 

rvspos23 TAAGAAGAAACTAGCCACGGCCAC 

fwdpos24 GCTGTGGCCGTGGCTAGTTTCTTCTTAAGANNNAAGAGAAGGTAAACACTTC

TAAATAAGCGAATTTC 

rvspos24 TCTTAAGAAGAAACTAGCCACGGCC 

fwdpos25 GTGGCCGTGGCTAGTTTCTTCTTAAGAAACNNNAGAAGGTAAACACTTCTAA

ATAAGCGAATTTCTTATG 
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rvspos25 GTTTCTTAAGAAGAAACTAGCCACGGCC 

fwdpos26 GCCGTGGCTAGTTTCTTCTTAAGAAACAAGNNNAGGTAAACACTTCTAAATA

AGCGAATTTCTTATG 

rvspos26 CTTGTTTCTTAAGAAGAAACTAGCCACGG 

fwdpos27 GTGGCTAGTTTCTTCTTAAGAAACAAGAGANNNTAAACACTTCTAAATAAGC

GAATTTCTTATGATTTATG 

rvspos27 TCTCTTGTTTCTTAAGAAGAAACTAGCCACG 

 


