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Sulphydryl groups have been noted to play an important role in the oxidative stress 

response of cells through the Grx and Trx systems (Grant, 2001). Grxs and Trxs 

are small oxidoreductases which have structural similarity, both with active sites 

containing two, conserved cysteine residues. These cysteines are vital to the 

function of both Grx and Trx, which, although they share functional similarities, 

differ in their regulation. Grx, however, is recycled by GSH and oxidised GSH 

(GSSG) is then reduced again by electron transfer via GSH reductases (Glr) and 

NADPH. Grx reduction is therefore carried out indirectly by NADPH, unlike the Trx 

recycling system where oxidised Trx is reduced by Trx reductase (Trr) and NADPH 

directly (Holmgren, 1989; Trotter & Grant, 2002; Wheeler & Grant, 2004). 

S. cerevisiae have 8 Grxs (Grx1-8) and one GSH reductase (Glr1). Grx1 and Grx2 

are cytosolic and have a role in the cellular response to oxidative stress 

(Luikenhuis et al., 1998). Double deletion mutant strains in these genes are viable, 

though a single deletion in either Grx1 or Grx2 leaves yeast cells susceptible to 

particular ROS (O2
-
 and H2O2 respectively) (Grant, 2001). Grx3, Grx4 and Grx5 are 

conserved in bacterial to mammalian species, and differ from most Grx in that 

they only have one cysteine residue at their active sites (Grant, 2001). Grx3 and 

Grx4 are involved in intracellular iron transport and localise in the nucleus, 

whereas Grx5 is involved in iron metabolism and mitochondrial iron cluster 

assembly (Mühlenhoff et al., 2010; Rodrıguez-Manzaneque et al., 2002). Grx6 and 

Grx7 are not well characterised by known to be present in both the ER and Golgi, 

and thought to be involved in the regulation of sulphydryl oxidation in these 

compartments (Izquierdo et al., 2008; Mesecke et al., 2008). Grx8 was identified 

as a Grx-like protein by Mesecke et al. in 2008, but a later study showed that is is 

likely not involved in defence against oxidative stress (Eckers et al., 2009). 

There are 3 Trxs (Trx1, Trx2 and Trx3) in S. cerevisiae and 2 Trx reductases (Trr1 

and Trr2). Two Trx pathways have been noted in yeast – the cytosolic pathway 

involving Trx1, Trx2 and Trr1, and the mitochondrial matrix Trx pathway with Trx3 

and Trr2 (which may be involved in oxidative stress protection during respiration) 

(Miranda-Vizuete et al., 2000; Pedrajas et al., 1999; Trotter & Grant, 2005). The 

cytosolic Trx pathway is involved in the maintenance of proteins in a reduced 

state, whereas the matrix Trx pathway may be involved in oxidative stress 
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protection during respiration (Greetham et al., 2013). The redox states of these 

pathways are maintained independently (Trotter & Grant, 2005), likely due to 

their separate compartmentalisation. In 2012, the possibility of a third Trx 

pathway in the IMS arose due to the discovery of the presence of Trx1 and Trr1 in 

this compartment (Vögtle et al., 2012). Trx1 and Trr1 may therefore be involved 

in maintaining correct oxidative folding of proteins in the IMS alongside MIA 

pathway components. 

Peroxidases include peroxiredoxins (Prxs) and glutathione peroxidases (Gpxs), of 

which Prxs – first discovered as peroxide recycling enzymes by Chae et al. – are 

better understood (H Z Chae & Rhee, 1994; H Z Chae et al., 1994). S. cerevisiae 

have three Gpxs – Gpx1, 2 and 3 – all of which are found in the cytosol, but are 

also associated with different mitochondrial subcompartments. Only the 

inactivation of Gpx3 – also associated with the IMS – leads to defective H2O2 

tolerance (Inoue et al., 1999; Kritsiligkou et al., 2017; Vögtle et al., 2012). In the 

cytosol, Gpx3 acts as a redox sensor that interacts with the transcription factor 

Yap1 to activate oxidative stress response genes, such as Trx2 (Wood et al., 2004). 

The mechanism for this interaction relies on two of the three cysteine residues 

(C36, C64 and C82) of Gpx3. C36 of Gpx3 becomes sulphenylated by H2O2 and can 

then either form a mixed disulphide bond with C598 of Yap1, or an intramolecular 

bond with the resolving cysteine of Gpx3 (C82) (Delaunay et al., 2002). The 

intermolecular disulphide bond with Yap1 induces another Yap1 intramolecular 

disulphide bond. This results in a conformational change in protein that blocks its 

nuclear export signal (NES), leading to its accumulation in the nucleus and 

activation of stress response genes (Wood et al., 2004). Unlike its known function 

in the cytosol, there is currently no established role for Gpx3 within the 

mitochondrial IMS. It is also unknown how Gpx3 is targeted to the IMS, as the 

Tokatlidis lab has unpublished data showing that it does not require the MIA 

pathway (Tokatlidis, 2016). Gpx3 has been shown to be alternatively translated 

with an eighteen amino acid N-terminal extension under oxidative (H2O2) stress 

conditions (Gerashenko et al. 2012). Work from the Tokatlidis group has shown 

that both of these forms of Gpx3 are found in the IMS, and mitochondrial Gpx3 

levels increased following treatment with H2O2. Gpx3 has also been shown to 

reoxidise Mia40, a protein involved in the oxidative folding of proteins in the IMS 
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(Kritsiligkou et al., 2017). As such, a possible hypothesis is that the N-terminal 

extension of Gpx3 improves its targeting into the IMS, where it is involved in an 

oxidative stress response to prevent H2O2 damage to proteins and aid in the 

correct functioning of the MIA pathway (Tokatlidis, 2016). 

1.3 Focus of this Study 

1.3.1 Study of PPI in Mitochondria 

PPIs studying the different import pathways of mitochondrial proteins have 

traditionally been shown through pull down assays. The different 

subcompartments of mitochondria, however, mean that this approach is not 

always ideal. The study of IMS proteins is considered difficult as it is a constricted 

space with few proteins, and therefore much more material would be required to 

successfully carry out a successful pull down assay. IMS protein localisation has 

also been suggested by confocal GFP fluorescence in many studies, but this is not 

a reliable approach due to the large size of GFP (Table 1). The constrictive nature 

of the IMS also makes the GFP approach difficult, as an OM-localised protein in 

the cytosol or IMS could appear to co-localise based on GFP confocal microscopy. 

It is difficult to show that a given protein is indeed localised to the IMS and 

interacts with other proteins in the IMS without the creation of a stable 

intermediate for further study. This approach has been utilised in the Tokatlidis 

lab for Mia40 and its substrates by mutagenising the resolving cysteine and leaving 

the docking cysteine intact (Sideris & Tokatlidis, 2007). If a protein is imported 

into the IMS independently of Mia40, however, its localisation in vivo becomes 

more difficult to ascertain. One possible method of study would be to use a robust 

and reliable in vivo assay such as the split-DHFR PCA discussed previously. 
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1.3.2 Aims of the Project 

Although the split-DHFR PCA approach (Figure 7) has been used in yeast before, it 

has only been used to examine the interactions of cytosolic proteins, and not 

mitochondrial proteins (Tarassov et al., 2008). Therefore, the aims of the project 

are to: 

1. First, establish DHFR as a PCA technique (Figure 8) for use in proteins 

targeted to mitochondria, using control PPIs to verify that the assay can be used 

successfully. This approach could be used not only for IMS-targeted proteins, but 

also matrix proteins and even membrane proteins.  

2. Then, use the split-DHFR approach to confirm any putative interactions of 

mitochondrial proteins, that have been investigated by other PPI assays (and 

functional protein interactions). 

3. Further set up split-DHFR as a method of determining the route of import 

of mitochondrial proteins to the IMS (Figure 9). 
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Figure 7 – A simplified version of the split-dihydrofolate reductase (DHFR) 

approach in yeast. Protein X and Protein Y are fused to the two split-DHFR 

fragments, respectively, and transformed into yeast cells. When Protein X and 

Protein Y interact, DHFR is reconstituted and the activity of the protein is 

recovered to allow for cell growth (adapted from Remy et al., 2007). 
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Figure 8 – The general approach for generating the split-dihydrofolate reductase 

(DHFR) fragments for use in this study. The DHFR fragment (either F1/2 or F3) is 

cloned from a plasmid containing the full murine DHFR sequence and transformed 

into bacterial cells (1). A positive colony containing the DHFR fragment are 

selected and purified (2). For DHFR-F1/2, PCR mutagenesis is carried out to 

generate a mutated form of DHFR-F1/2 (DHFR-F1/2mut) resistant to inhibition 

by methotrexate (2A). A positive colony containing DHFR-F1/2mut is then 

selected and purified (2B). Both DHFR fragments are then transformed into yeast 

for expression (3). 

 



 29 

Figure 9 – Generalised example of using split-dihydrofolate reductase (DHFR) to 

determine the route of import of a protein into the intermembrane space (IMS). 

A: In wild-type yeast, Protein X is imported into the IMS (either by ‘Import Protein 

Complex 1’ or another route). In the IMS, Protein X and Protein Y interact. Two 
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potential scenarios can occur when this knowledge is applied to the split-DHFR 

assay. In this example, this is carried out using a deletion strain for a component 

of Import Protein Complex 1, Δ Import Protein Z, which prevents import of 

Protein X into the IMS. Protein X is fused to mutated murine DHFR (mDHFR) 

fragment 1, and Protein Y to mDHFR fragment 2 – able to form mDHFR resistant 

to inhibition by methotrexate (MTX). When these two fragments are able to form 

native mDHFR via the interaction of Protein X and Protein Y, mDHFR activity is 

reconstituted. This is carried out in the presence of MTX to inhibit endogenous 

DHFR. B: Protein X is not imported into the IMS by Protein Complex 1 but by 

another, unknown route. Its import is therefore not inhibited by the lack of 

functional Import Protein Complex 1, due to the deletion of its component, 

Protein Z. Protein X and Protein Y interact in the IMS and mDHFR activity occurs, 

allowing for cell survival in the presence of MTX. C: Protein X is imported via 

Import Protein Complex 1 and therefore is unable to be imported into the IMS. 

Protein X and Protein Y therefore do not interact and no mDHFR activity occurs 

as a result. 
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2. Materials and Methods 

2.1 Transformation of Plasmids into E. coli 

2.1.1 PCR Amplification 

The primers designed were used for polymerase chain reactions (PCR) in the 

Biometra® T3 Thermocycler. The PCR reaction mixture of a single sample 

contained 2µl 10x buffer (New England BioLabs), 0.4µl dNTPs (Invitrogen), 0.5µl 

of each primer (10µM stock, Sigma), 11.4µl dH2O, 5µl (10ng/µl) template DNA and 

0.2µl Taq DNA polymerase (5000 units/ml, New England BioLabs) to make up a 

total volume of 20µl. One unit of Taq DNA polymerase is defined by New England 

BioLabs as ‘the amount of enzyme that will incorporate 15 nmol of dNTP into acid-

insoluble material in 30 minutes at 75°C’. All reaction mixtures were made up to 

20µl excluding blanks with no Taq (10µl) and large-scale reactions (300µl). 

Conditions for the PCR thermocycle varied depending on the PCR reaction being 

carried out (Table 2). 

Gene 

Amplified 

Initial 

Denaturation 
Denaturation 

Primer 

Annealing 
Extension 

Cycle 

Length 

(trial/ 

large-scale) 

Final 

Extension 

DHFR-

F1/2, 

DHFR-F3 

1 minute  

95°C 

1 minute  

95°C 

1 minute  

50°C 

3 minutes  

72°C 
25 / 35 

10 minutes  

72°C 

Tim9, 

Tim10 

1 minute  

95°C 

1 minute  

95°C 

1 minute  

58°C 

30 seconds  

72°C 
25 / 35 

10 minutes  

72°C 

Gpx3 
1 minute  

95°C 

1 minute  

95°C 

1 minute  

50°C 

1 minute  

72°C 
25 / 35 

10 minutes  

72°C 

Mia40, 

Yap1 

1 minute  

95°C 

1 minute 

95°C 

1 minute 

50°C 

2 minutes 

72°C 
25 / 35 

10 minutes  

72°C 

Table 2 - PCR thermocycle conditions. DHFR refers to dihydrofolate reductase. 



 32 

 
2.1.2 DNA Gel Electrophoresis 

The results of the PCR reactions were visualised using gel electrophoresis of 1% 

agarose made from 1x TAE buffer (40mM Tris pH 8.0, 20mM acetic acid, 1mM 

EDTA) and 0.5x SYBR®Safe DNA gel stain (Invitrogen). Each gel was ran at 60V for 

50 minutes in 1x TAE buffer. A 1kb DNA ladder (Promega) was used to examine 

the relative sizes of the samples. The PCR products were cleaned using the 

Macherey-Nagel NucleoSpin® Gel and PCR Clean-up according to the 

manufacturer’s instructions. 

2.1.3 Cloning of Plasmids into E. coli 

Digestion was carried out using 1x CutSmartTM buffer (New England Biolabs), 

0.4u/µl of each restriction enzyme, approximately 40µl of PCR product (gene 

insert) or 3000ng of vector, 1x Bovine Serum Albumin (BSA; ThermoFisher 

Scientific) and dH2O to make up to a total volume of 100µl for inserts and 50µl for 

vectors. Digestions were left at 37°C for 4 hours. Following digestion, the resulting 

samples were cleaned using NucleoSpin® Gel and PCR Clean-up according to the 

manufacturer’s instructions. 

Ligation of the digested products was carried out using 1x T4 DNA ligase buffer 

and T4 DNA ligase (400000 units/ml, New England Biolabs), 1mM ATP, plasmid 

vector, gene insert and dH2O to give a total reaction volume of 10µl. One unit of 

T4 DNA ligase is defined by New England BioLabs as ‘the amount of enzyme 

required to give 50% ligation of HindIII fragments of λ DNA (5´ DNA termini 

concentration of 0.12 µM, 300- µg/ml) in a total reaction volume of 20 µl in 30 

minutes at 16°C in 1X T4 DNA Ligase Reaction Buffer’. Approximately 60ng of the 

vector was used for each reaction, but the concentration of insert used depended 

on the vector:insert ratio (with 60ng vector:22ng insert for 1:1). Ligation reactions 

were left for 2 hours RT, 1 hour 30 minutes at 25°C, 1 hour RT or 16°C overnight 

as specified. 
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The ligation mixtures were added to 100µl E. coli DH5α competent cells with 

transformation efficiency of 1 x 109cfu/µg pUC19 vector DNA (New England 

BioLabs) and left for 30 minutes on ice. The samples were then heat shocked for 

45 seconds at 42°C and then put back on ice for a further 2 minutes. 900µl Luria-

Bertani (LB) medium was added to each and left to incubate at 37°C for 1 hour. 

The cells were pelleted by 5 minutes of centrifugation at 15000g at room 

temperature (RT) and 700µl was removed. The pellet was resuspended in the 

remaining volume and plated on LB + antibiotic selection plates left to grow 

overnight at 37°C. 

2.1.4 Colony PCR 

Selected colonies were added to 50µl dH2O and this was used as the DNA template 

for the PCR reaction, carried out for 20 cycles. Conditions for the PCR thermocycle 

varied depending on the PCR reaction being carried out as in Table 2. 

2.1.5 E. coli DNA Extraction/Purification 

E. coli DNA was extracted and purified using the QIAGEN QIAprep® Spin Miniprep 

Kit (250) according to the manufacturer’s instructions. The DNA concentration of 

the samples was measured using NanoDrop® Spectrophotometer ND-1000 

(Thermo). 

2.1.6 Site-Directed Mutagenesis via PCR 

The mutagenesis primers were designed for use in the Biometra® T3 Thermocycler. 

The PCR reaction mixture of a single sample contained 5µl 10x Accuzyme Buffer 

(Bioline), 1µl MgCl2 (50mM), 2µl dNTPs (Invitrogen), 2µl of each primer (10µM stock, 

Sigma), 38µl dH2O and 5µl (10ng/µl) DNA to make up a total volume of 50µl. 1µl 

Accuzyme Enzyme (250 units/100µl) Bioline) was then added, or omitted 



 34 

altogether from control reactions. Conditions for the mutagenesis PCR 

thermocycle are shown in Table 3. 

Gene 

Mutagenised 

Initial 

Denaturation 
Denaturation 

Primer 

Annealing 
Extension 

Cycle 

Length 

Final 

Extension 

DHFR-F1/2 
2 minutes  

95°C 

1 minute  

95°C 

1 minute  

60°C 

8 minutes  

72°C 
25 

10 minutes  

72°C 

Table 3 - Mutagenesis PCR thermocycle conditions. DHFR-F1/2 refers to 
dihydrofolate reductase fragment 1. 

 

The mutagenesis PCR products were digested by the addition of 1µl DpnI 

restriction enzyme (10 units/µl) and 5µl Buffer B (Promega) to the reaction mix. 

This was followed by incubation at 37°C for an hour and a half. Following digestion, 

this reaction mixture was transformed into E. coli DH5α competent cells as 

described previously. 

2.2 Transformation of Plasmids into S. cerevisiae 

2.2.1 S. cerevisiae Genomic DNA Extraction/Purification 

3ml from an overnight culture of S. cerevisiae cells was pelleted by centrifugation 

at 15000g (RT) for five minutes, followed by washing with 500µl dH2O and 

centrifugation at 15000g (RT) for a further 5 minutes. The pellet was vortexed for 

4 minutes with 200µl lysis buffer (2% Triton X-100 (v/v), 1% SDS (v/v), 100mM NaCl, 

10mM Tris-Cl pH 8.0, 1mM EDTA pH 8.0), 200µl glass beads and 200µl phenol-

chloroform. 200µl dH2O was added and the mixture was pelleted again by 

centrifugation at 15000g (RT) for 5 minutes. The supernatant was then transferred 

to a new tube and 1ml of ice-cold ethanol was added to it and mixed by inversion. 

The mixture was pelleted by centrifugation at 15000g (RT) for 2 minutes and the 

resulting pellet left to dry at RT. 400µl dH2O and 60µg RNase A was added and the 

mixture incubated at 37°C for 10 minutes, followed by the addition of 400mM 
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ammonium acetate. 1ml ethanol was added and mixed by inversion, and left to 

incubate at -20°C for 20 minutes. The mixture was then pelleted by centrifugation 

at 15000g, 4°C for 15 minutes. The pellet was left to dry and then resuspended in 

50µl dH2O. The DNA concentration of the samples was measured using NanoDrop® 

Spectrophotometer ND-1000 (Thermo). 

2.2.2 S. cerevisiae Transformation 

Transformation of plasmids into S. cerevisiae cells was carried out as in the 

LiAc/SS-DNA/PEG Transformation method (Gietz & Schiestl, 1995), using carrier 

DNA instead of SS-DNA. 

2.2.3 Growth Curves 

S. cerevisiae cells were grown in 5ml overnight cultures of SD –uracil/-leucine. OD 

(Optical Density) was measured at 0 hours and then diluted to OD 0.8 in 5ml of 

the same media with the addition of 200µg/ml MTX. OD was measured after 1 

hour and 6 hours before being further supplemented with 100µg/ml MTX and left 

overnight (approximately 21 hours). The OD of each culture was then measured 

at 24 hour intervals and either diluted into OD 0.2 in 5ml SD-ura-leu, or left to 

grow as indicated. 

2.2.4 Spot Tests 

OD 0.5 (107 cells/ml) S. cerevisiae cells were pelleted by centrifugation at 15000g 

(RT) for five minutes and then resuspended in 500µl dH2O. Four serial dilutions of 

50µl into 450µl dH20 were carried out to give 106 cells/ml, 105 cells/ml, 104 

cells/ml and 103 cells/ml. 5µl from each of these was then spotted onto a SD-ura-

leu plate with 200µg/ml MTX added, to give 104 cells/ml, 103 cells/ml, 102 

cells/ml and 10 cells/ml, respectively.  
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Results 

3.1 Cloning of DHFR Fragments 

To create the initial DHFR fragments, murine DHFR (Appendix Figure 1) from the 

pSP65-Su9-DHFR vector (created by E. Kallergi) was amplified via PCR (Figure 10). 

Primers for the first fragment (F1/2) were designed for its insertion into the 

pRS316 vector, and the second fragment (F3) for insertion into pRS415 (Table 4). 

These vectors, pRS316 and pRS415 (Appendix Figures 2 and 3), contain ampicillin 

resistance genes and also genes expressing either uracil (URA3) or leucine (LEU2), 

respectively. As seen in Figure x, each of the DHFR fragments gave expected band 

sizes of approximately 318bp (F1/2) and 243bp (F3) respectively. 

Restriction sites were chosen to leave multiple, upstream cut sites for later 

insertion of proteins of interest to be linked to the DHFR fragments, with a C-

terminal orientation of the fragments (Figure 11) as this has been shown to be the 

most efficient orientation for interaction (Remy et al., 2007). 
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Figure 10 - PCR amplification of the dihydrofolate reductase (DHFR) gene 

fragments. DHFR-F1/2 (fragment 1) and DHFR-F3 (fragment 2) sequences 

compared to a 1kb DNA ladder (M) displaying bp size. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

  

Table 4 - Vector, insert size and restriction sites used for the dihydrofolate 

reductase (DHFR) fragments. F1/2 refers to DHFR fragment 1 and F3 to DHFR 

fragment 2. 

Gene Vector Insert Size (bp) Restriction Sites 
DHFR-F1/2 pRS316 318 XhoI / KpnI 
DHFR-F3 pRS415 243 BamHI / XbaI 
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Figure 11 – Design of the dihydrofolate reductase (DHFR)-fragment containing 

plasmids. A: The first half of DHFR (F1/2) was inserted into the polyclonal site of 

pRS316 (purple), with an upstream protein of interest inserted for C-terminal 

expression of F1/2. pRS316 also contains ampicillin resistance (AmpR, green) and 

an uracil marker (URA3; orange) for growth on selective media. B: The second 

half of DHFR (F3) was inserted into the polyclonal site of pRS415 (purple) as in 

(A). pRS415 also contains AmpR (green) and a leucine marker (LEU2; orange) for 

growth on selective media. Different selection markers for growth on yeast media 

(URA3 and LEU2) were selected to allow the transformation of both plasmids into 

a single yeast strain for simultaneous expression of the two DHFR fragments. 
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The site for the division of full-length DHFR into two fragments was selected based 

on the work of Pelletier et al., who showed that residues 101-108 form a 

disordered loop which can be disrupted with little effect on the activity of the 

reconstituted DHFR (Pelletier et al., 1998). As well as cut sites for the relevant 

restriction enzymes, a linker amino acid sequence was also inserted to allow the 

DHFR fragments the most flexibility in both finding one another and folding 

correctly (Tarassov et al., 2008) when transformed into cells (Figure 7). 

These DHFR fragment containing vectors were cloned into E. coli cells and 

positives were selected for via ampicillin plates, colony PCR and sequencing of 

purified DNA. Positive clones were then transformed into wild-type BY4741 S. 

cerevisiae cells – a yeast deletion strain lacking genes for histidine (HIS3), leucine 

(LEU2), methionine (MET15) and uracil (URA3) (Brachmann et al., 1998). Positive 

colonies were selected for using SD minimal media and auxotrophic selection for 

either uracil (pRS316) or leucine (pRS415). Three resulting yeast strains were 

created: 

1. BY4741 pRS316-F1/2 

2. BY4741 pRS415-F3 

3. BY4741 pRS316-F1/2 + pRS415-F3 

3.2 Generation of MTX-resistant DHFR Fragments 

DHFR-F1/2 was mutated via sequential, site-directed PCR mutagenesis of the 

pRS316-F1/2 plasmid in order to create a MTX-resistant form of DHFR when the 

two fragments are reconstituted. The two sites mutated – L22F and F31S – were 

chosen based on the work of Tarassov et al., where they have been shown to 

create DHFR 10,000 times less sensitive to MTX than the wild-type (Tarassov et 

al., 2008). This mutant F1/2 (F1/2mut) was cloned into E. coli and transformed 

into S. cerevisiae cells as with the original F1/2. Two more yeast strains were 

created as a result: 

1. BY4741 pRS316-F1/2mut 

2. BY4741 pRS316-F1/2mut + pRS415-F3 
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3.3 Cloning of Control Proteins 

In order to test the functionality of the split-DHFR assay created, a series of 

control proteins were selected to be fused N-terminally to the respective DHFR 

fragments (Table 5). Mia40 and its substrate Tim10 were selected as positive 

controls to show a transient interaction between two proteins known to interact 

in the IMS. Tim9 and Tim10, which form the TIM9/10 complex, were also chosen 

as another set of positive controls, as they demonstrate a more stable interaction. 

Mia40 and Yap1, which do not interact directly, were chosen as negative controls. 

Gpx3, being dually localised in the cytosol and IMS, was selected as a model 

protein to show that the split-DHFR assay could potentially be used to identify the 

localisation of proteins difficult to determine through other assays. The genes of 

these proteins were amplified via PCR (Figure 12), giving expected band sizes (as 

described in Table 6) for each of the genes. They were then cut with restriction 

enzymes to allow them to be inserted into either the pRS316-F1/2, pRS316-

F1/2mut or pRS415-F3 plasmid (Table 6). 
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1st Interactor 2nd Interactor Control Description 

Mia40-F1/2mut Tim10-F3 
Positive  

(transient interaction) 

Tim9-F1/2mut Tim10-F3 
Positive  

(stable interaction) 

Mia40-F1/2mut Yap1-F3 
Negative  

(non-interactors) 

Mia40-F1/2mut - 
Interaction specificity  
(fragment does not 
interact with itself) 

Mia40-F1/2mut F3 

Interaction specificity  
(DHFR reconstitution 

due to protein 
interaction) 

Mia40-F1/2 Tim10-F3 
MTX selection  

(mutation necessary for 
MTX resistance) 

- - 

Empty vector  
(DHFR fragments 
necessary for MTX 

resistance) 

Mia40-F1/2mut Gpx3-F3 
Test interaction 

(putative interacting 
proteins) 

Table 5 - Control interactions to determine the functionality of the split-DHFR 

assay. Mitochondrial proteins (Mia40, Tim9, Tim10, Yap1, Gpx3) are fused to 

either the first half of dihydrofolate reductase (DHFR; F1/2), a mutated form of 

F1/2 which is resistant to inhibition by methotrexate (MTX; F1/2mut) or the 

second half of DHFR (F3). A plasmid containing one fusion protein linked to either 

F1/2 or F1/2mut can be expressed alongside another plasmid with a fusion 

protein linked to F3, allowing for expression of both halves of DHFR in the same 

system. 
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Figure 12 - PCR amplification of genes to be inserted N-terminally to the 

dihydrofolate reductase (DHFR) fragment plasmids. Sequences for Mia40, Tim9, 

Tim10, Gpx3 and Yap1 fragments compared to a 1kb DNA ladder (M) displaying 

bp size. 

 

 

Gene Vector Insert Size (bp) Restriction Sites 
Mia40 pRS316-F1/2mut 1212 BamHI / EcoRI 
Tim9 pRS316-F1/2mut 264 BamHI / EcoRI 
Tim10 pRS415-F3 282 XhoI / XmaI 
Gpx3 pRS415-F3 492 XhoI / XmaI 
Yap1 pRS415-F3 1953 XhoI / XmaI 

Table 6 - Vector, insert size and restriction sites used for the genes to be inserted 

N-terminally to the dihydrofolate reductase (DHFR) fragments. F1/2 refers to 

DHFR fragment 1 and F3 to DHFR fragment 2. 

 

  



 43 

These control proteins were also cloned into E. coli cells and selected for via 

ampicillin plates, colony PCR and sequencing of purified DNA. Positive clones were 

obtained for both Tim9 (Figure 13) and Tim 10 (Figure 14), giving expected band 

sizes of 264bp and 282bp respectively. These positive clones were then 

transformed into wild-type BY4741 S. cerevisiae cells, with positive colonies 

selected for using SD minimal media and auxotrophic selection for either uracil 

(pRS316-F1/2mut) or leucine (pRS415-F3). This resulted in the creation of three 

more yeast strains:  

1. BY4741 pRS316-Tim9-F1/2mut 

2. BY4741 pRS415-Tim10-F3 

3. BY4741 pRS316-Tim9-F1/2mut + pRS415-Tim10-F3 
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Figure 13 - PCR amplification of the Tim9 gene. Tim9 sequences compared to a 

1kb DNA ladder (M) displaying bp size. 

 

 

 

 

 

 

 

 

 

 

Figure 14 - PCR amplification of the Tim10 gene. Tim10 fragment sequences 

compared to a 1kb DNA ladder (M) displaying bp size. 
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3.4 Growth in the Presence of MTX 

The BY4741 strain containing both Tim9-F1/2mut and Tim10-F3 was grown for 

several days in the presence of MTX, in order to assess if a positive interaction of 

the F1/2mut and F3 fragments would occur and reconstitute the DHFR protein. No 

significant difference in growth was observed between this strain and the negative 

control strains (Tim9-F1/2mut and F3, F1/2mut and F3, F1/2 and F3) (Appendix 

Table 1). The same strain was also used for spot tests on MTX plates alongside the 

negative controls strains, but no significant difference in growth was observed 

(data not shown). 
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Discussion 

4.1 Approach 

PPIs can be studied via PCAs utilising two, complementary fragments of reporter 

proteins fused to potentially interacting proteins, which give an indicative signal 

if PPI occurs. Many such PCAs approaches exist (such as those in Table 1), and 

have therefore been used to study a wide variety of PPIs. This approach, however, 

has not previously been used to study PPIs within mitochondrial subcompartments, 

such as the IMS – which was the focus of this study. Using GFP fusions to localise 

proteins to the IMS and confocal microscopy to analyse these interactions is not 

always straightforward, due to potentially poor folding of GFP. DHFR is known to 

fold in the IMS when an entire DHFR protein is fused to a protein of interest, but 

has not been shown to fold when split and linked to two different proteins. 

To generate a split-DHFR assay for use in analysing mitochondrial protein-protein 

interactions in S. cerevisiae, the approach was similar to that of Tarassov et al., 

in that a MTX-resistant version of the split-DHFR protein was generated for use in 

yeast cells. Using MAT strains and homologous integration of the DHFR fragments 

was more advantageous in Tarassov et al.’s approach as it was a high throughput 

assay to screen for generic protein interactions (Tarassov et al., 2008). Constructs 

integrated directly into the genome are more stable, however, it would have been 

difficult to carry out the successful homologous recombination of multiple 

mitochondrial proteins fused to DHFR fragments into the yeast genome during the 

time available. Unlike Tarassov et al.’s approach, plasmids were generated 

containing multiple restriction sites before the DHFR fragments, so that the split-

DHFR assay could be prepared for any protein. This was done using yeast 

expression vectors (pRS316 and pRS415, shown in Appendix Figures 2 and 3). The 

plasmid constructs were assured to be in-frame by DNA sequencing using a T3 

promoter for pRS316 (Appendix Figure 2) and a T7 promoter for pRS415 (Appendix 

Figure 3), which was used to drive expression of the split-DHFR fusion protein for 

each of the control interactor proteins (Table 5).  
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The approach taken in this study was unique in that split-DHFR has never been 

used to assess the interaction of proteins imported into the yeast mitochondrial 

IMS before. Although this approach allowed for greater flexibility in application of 

the split-DHFR approach in the time given, as plasmid constructs are less reliable, 

integration into the genome could be considered later after the split-DHFR assay 

has been established and proteins have been shown to be properly targeted to the 

IMS. For this reason, specific mitochondrial proteins known to either interact with 

one another or not were used as positive and negative controls respectively (Table 

5) to assess the validity of the approach for use in further experiments. A test set 

of mitochondrial pairs could have also been tested in one of the established 

systems for the split-DHFR assay in yeast, as working with a previously established 

assay would have given ‘true’ positive controls. As the approach by Tarassov et al. 

used MAT strains, however, this would have been difficult to test in the given 

timeframe as this assay was not set up for mitochondrial proteins (Tarassov et al., 

2008).  

Currently, eight S. cerevisiae strains containing one or more of the DHFR 

fragments have been produced (Table 7). As mentioned previously, the pRS316-

F1/2, pRS316-F1/2mut and pRS415-F3 vectors contain multiple cut sites prior to 

the C-terminal DHFR fragment, and so can be used for N-terminal insertion of 

various proteins. Of the five mitochondrial proteins chosen to initially set up the 

split-DHFR assay – Mia40, Tim9, Tim10, Gpx3 and Yap1 – only vectors containing 

Tim9 and Tim10 were successfully cloned (Appendix Figures 7 and 8).  
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F1/2 Fragment (pRS316) F3 Fragment (pRS415) 

F/2 - 
- F3 

F1/2 F3 
F1/2mut - 
F1/2mut F3 

Tim9-F1/2mut - 
- Tim10-F3 

Tim9-F1/2mut Tim10-F3 
Table 7 – BY4741 S. cerevisiae strains produced containing either the F/1 (or 

F1/2mut) dihydrofolate reductase (DHFR) fragment, the F3 DHFR fragment or 

both. F1/2 refers to DHFR fragment 1 and F3 to DHFR fragment 2.	

 

As Tim9 and Tim10 are known to interact and localise to the IMS, the S. cerevisiae 

strain containing both vectors was used as a positive control for the assay. Specific 

targeting sequences – such as Cytochrome b2 (Cytb2) – that localise to the IMS 

could also have been used to further ensure correction localisation of the fusion 

proteins, though this will be discussed later. The Tim9-F1/2mut+Tim10-F3 strain 

was grown both as yeast cell cultures containing MTX and as spot-tests on MTX-

containing plates, though neither of these experiments gave the expected results 

in terms of cell growth. The growth of the Tim9-F1/2mut+Tim10-F3 strain was 

expected to be better in the presence of MTX than that of the F1/2+F3 strain it 

was compared to, but this was not observed (Appendix Table 1). The 

concentration of MTX used for these growth experiments was 200µg/ml, as was 

used by Tarassov et al., and yeast cell cultures were grown for at least 4 days in 

the presence of MTX as in their approach (Tarassov et al., 2008). As the approach 

taken in this study was different to that of Tarassov et al. and used yeast 

expression vectors, it is possible that the concentration of MTX must be adjusted 

for the split-DHFR assay to be successful. A range of different concentrations of 

MTX could be used to establish an upper limit at which neither the Tim9-

F1/2mut+Tim10-F3 strain or the F1/2+F3 strain are able to grow in the presence 

of MTX, as well as a lower limit at which both strains are able to grow. Further 

yeast culture growth experiments carried out in this way would allow optimisation 

of the concentration of MTX required for growth of strains containing the MTX-
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resistant split-DHFR plasmids. Similarly, as the focus was on the use of the split-

DHFR assay for IMS proteins, it is possible that the assay may not be useable for 

such proteins due to incorrect localisation of, for example, Tim9 or Tim10, due to 

the addition of the C-terminal DHFR fragment.  

4.2 Problems 

Several setbacks were faced when setting up the split-DHFR assay, and not all of 

the work could be completed due to time constraints. Mutation of the DHFR-F1/2 

fragment to produce the F1/2mut plasmid was delayed due to a random, single-

point mutation in the F1/2 fragment that inserted a stop codon (TAG) into the 

sequence (Appendix Figure 4) by mutation of thymine to adenine at position 108. 

This was corrected using mutagenesis PCR primers, as was initially used to 

generate the mutated form of F1/2 (Appendix Figure 5). Similarly, a problem was 

found in that the pRS415 vector used could not be sequenced correctly, and so a 

new, empty pRS415 vector (Appendix Figure 3) had to be ordered. This caused a 

severe delay in experimental work, as the pRS415 plasmid had to be cloned again 

from the initial stages and also re-transformed into BY4741 strains for use in later 

experiments. Although Tim9 and Tim10 were the only two mitochondrial proteins 

which were successfully cloned into DHFR fragment vectors, Gpx3 (which has a 

dual localisation in the cytosol and the IMS) was also cloned and sequenced 

(Appendix Figure 9). Gpx3, however, had three single-point mutations at the 

beginning of its sequence (positions 35, 50 and 124 in Appendix Figure 9) and so 

was deemed unusable for further experimentation at this stage. If more time had 

been available, it is likely that Gpx3 would have been either successfully re-cloned 

or that these mutations would have been corrected by mutagenesis PCR. The 

initial PCR to create the initial Mia40 insert proved difficult and took several 

attempts. It was thought that the lack of success in creating the Mia40 and Yap1 

clones may have been due to the size of the insert in comparison with Tim9, Tim10 

and Gpx3, and that further work would be needed to clone these two proteins 

successfully. 
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4.3 Future Experimental Work 

Ideally, the next step in experimental work would be to finish cloning Mia40, Gpx3 

and Yap1 into DHFR fragment yeast expression vectors, and then transform these 

into BY4741 S. cerevisiae strains as with Tim9 and Tim10. This would allow for the 

split-DHFR assay to be set up fully with known interacting and non-interacting 

proteins before its use in the study of putative PPIs. The exact MTX conditions 

required for the growth of yeast cells containing split-DHFR assay must also be set 

up, as mentioned previously. The DHFR fragments could then be used alongside 

other, in vitro techniques such as AP/MS to study the PPIs of mitochondrial 

proteins in a native cellular context. 

In the case of Tim9-F1/2mut+Tim10-F3, mitochondrial protein extracts could be 

taken from yeast cells expressing both plasmids and ran on a denaturing protein 

gel. Using antibodies for DHFR and/or Tim9 or Tim10 (which are available in the 

lab) would allow observation of whether the correct DHFR+Tim9Tim10 complex is 

present, as each TIM9/10 complex contains a heterohexamer of Tim9 and Tim10 

(Webb et al., 2006), and therefore 3 complete DHFR proteins. 

If the split-DHFR assay is shown to be functional, the same approach could then 

be used to determine the route of entry for proteins that interact in the IMS 

(Figure 9). This would be carried out by fusing two, interacting proteins of interest 

to each of the constructed DHFR fragments, and expressing these fragments in 

deletion yeast strains. Each knockout (K.O.) yeast strain would have a deletion of 

a gene expressing a protein involved in mitochondrial protein import (e.g. Tom70 

of the TOM complex). If the two DHFR-fused proteins are able to enter the IMS 

and interact, the yeast cells will grow. If they are unable to grow in a particular 

deletion strain, this means that the deleted gene was somehow involved in the 

import of the protein. This would allow for protein import components or 

chaperones involved in this process to be discovered. This could be carried out, 

for example, with Trr1-F1/2mut and Trx1-Cytb2-F3 in a strain with no native Trx1. 

The Cytb2 targeting sequence would anchor the Trx1 to the IM, ensuring that Trx1 

would definitely be present in the IMS. This would allow the import of Trr1 to be 
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assessed, as reconstitution of the DHFR fragments would depend on its import to 

the IMS and interaction with Trx. 
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Appendix 

Appendix Figure 1 – Sequence of murine dihydrofolate reductase (mDHFR) used, 

showing the F1/2 (green) and F3 (blue) domains, created using SnapGene. 
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Appendix Figure 2 – pRS316 plasmid, created using SnapGene. Contains ampicillin 

resistance (AmpR; green) and an uracil marker (URA3; orange) for growth on 

selective media. 
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Appendix Figure 3 – pRS415 plasmid, created using SnapGene. Contains ampicillin 

resistance (AmpR; green) and a leucine marker (LEU2; orange) for growth on 

selective media. 
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Appendix Figure 4 – pRS316-F1/2 aligned with murine dihydrofolate reductase 

fragment 1 (DHFR-F1/2). 
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Appendix Figure 5 – pRS316-F1/2mut aligned with murine dihydrofolate reductase 

fragment 1 (DHFR-F1/2). F1/2mut refers to the mutated methotrexate (MTX) 

resistant DHFR-F1/2. 

  


