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Abstract
Saccharomyces cerevisiae pex3 mutants had been long considered to be devoid of any peroxisomal 

membrane structures. However, recent research has revealed the existence of peroxisomal 

membrane vesicles in Pex3-deficient yeast cells. Here, we aim to better understand the origin 

of these structures. By employment of automated mating, sporulation and mutant selection 

approaches, combined with automated fluorescence microscopy, we created and analyzed two 

libraries of Saccharomyces cerevisiae pex3 mutants. The first library consisted of S. cerevisiae 

pex3 atg1 strains producing GFP fusion proteins and Pex14-mCherry as a marker of peroxisomal 

membrane structures. This yeast collection provided us with a tool for studies of the protein 

composition of peroxisomal vesicles membranes via co-localization analysis. The second library 

contained Pex14-mGFP-producing pex3 atg1 strains with an additional gene deletion. Triple 

mutants in this collection were analyzed with the aim to identify genes involved in the formation 

of the peroxisomal membrane structures.

We identified a set of proteins that co-localize with Pex14-mCherry at peroxisomal vesicles 

membrane, however, we did not find genes that are required for the formation of these structures. 

Some drawbacks of the high-throughput approaches used are discussed.
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Introduction
Peroxisomes are small ubiquitous organelles present in almost all eukaryotic cells and involved 

in a variety of processes. Beta-oxidation of fatty acids and degradation of reactive oxygen 

species are common metabolic pathways that are catalyzed by enzymes in the peroxisomal 

matrix. There is an ongoing debate on the molecular mechanisms of peroxisome proliferation. 

The major models propose de novo formation of peroxisomes, implicating their endomembrane 

origin, or proliferation by fission (for a review see [1]). It is generally accepted that in wild type 

(WT) yeast cells peroxisomes multiply mainly by fission of the pre-existing ones [2,3]. However, 

the mechanisms of peroxisome biogenesis are not well understood in mutant cells that are 

temporarily devoid of peroxisomes.

According to the growth and fission model, the majority of the peroxisomal membrane proteins 

(PMPs) are directly inserted into the peroxisomal membranes, an event mediated by the Pex3/

Pex19 machinery [4]. Pex19 is a soluble protein that binds newly synthesized PMPs in the cytosol 

and delivers them to its docking protein at the peroxisomal membrane - Pex3 - after which the 

insertion takes place by a yet unknown mechanism. Targeting of PMPs is the most studied function 

of Pex3 and Pex19, however, these proteins also have been proposed to play an important role in 

de novo peroxisome formation from the endoplasmic reticulum (ER). According to this alternative 

model, PMPs first sort to the ER [5,6], where they accumulate at specific regions, designated 

peroxisomal ER (pER) [5-8], and subsequently exit the pER compartment in vesicles containing (a 

subset of) PMPs. There is data suggesting that Pex3 and Pex19 are involved in the vesicle budding 

process. In vitro budding assays using permeabilized cells of Saccharomyces cerevisiae [9] or Pichia 

pastoris [10] demonstrated that pre-peroxisomal vesicles (PPVs) can bud from the ER in a process 

that requires ATP, cytosolic factors and Pex19. In S. cerevisiae, Pex3 and Pex19 were described 

to be essential for the budding process in vivo as well [8]. Both biogenesis models consider Pex3 

and Pex19 to be key players in the formation of peroxisomes. Indeed, yeast pex3 mutants have 

been long considered to lack any peroxisomal membranes. However, studies in Hansenula 

polymorpha revealed the presence of vesicular peroxisomal structures in cells devoid of Pex3 [11]. 

These vesicles are prone to degradation by autophagy, which is blocked by the deletion of ATG1, 

facilitating the detection of these structures. Localization studies indicated that membranes of 

these vesicles contain a subset of PMPs, including Pex8, Pex13, Pex14. Recent studies have shown 

that S. cerevisiae cells lacking Pex3 contain similar vesicles (this thesis, Chapter 2; [12]). Numerous 

peroxins have been found to reside at these structures, namely: Pex5, Pex7, Pex13, Pex14, Pex17, 

Pex8, Pex4, Pex22, Pex15 and Pex25. Other peroxins were absent at the vesicles, e.g. the RING finger 

complex components Pex2, Pex10 and Pex12, indicating that their insertion into the peroxisomal 
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membrane is Pex3-dependent. As opposed to H. polymorpha, peroxisomal membrane vesicles 

in S. cerevisiae pex3 mutant cells are relatively stable. This may be explained by the fact that the 

function of Pex3 in pexophagy differs between these two species. In H. polymorpha removal of 

Pex3 from the peroxisomal membrane is a prerequisite for pexophagy to take place [13], while in 

S. cerevisiae Pex3 recruits Atg36, a protein that is essential for pexophagy [14].

Possibly, the peroxisomal membrane vesicles in yeast pex3 cells represent intermediates of the de 

novo peroxisome biogenesis pathway, and therefore are also referred to as PPVs. Several earlier 

studies revealed the presence of different types of PMP-containing vesicles in yeast. Biochemically 

distinct peroxisomal vesicles (containing Pex2 or Pex16) could be isolated from WT Yarrowia 

lipolytica cells. These structures were proposed to represent various developmental stages of 

peroxisome formation [15].

In a later study, using S. cerevisiae cells, two types of ER-derived PPVs were described [16]. The 

formation of these vesicles was proposed to depend on Pex3 and Pex19. One type of vesicles 

contained components of the docking complex (Pex13, Pex14, Pex17), whereas the RING-finger 

proteins (Pex2, Pex10, Pex12) localized to the other type. The presence of two types of ER-

derived peroxisomal vesicles was also reported for P. pastoris [17,18]. In this species, however, 

the composition of the vesicles differs, because one type harbors the docking complex 

subcomponents (Pex13, Pex14, Pex17) together with Pex3, Pex10 and Pex12, whereas the other 

vesicles contain Pex2, Pex3 and Pex11. Moreover, in P. pastoris the formation of peroxisomal 

vesicles from the ER only depends on Pex19 and does not require Pex3 [19].

The role of Pex3 and Pex19 (only for S. cerevisiae) in the formation of peroxisomal vesicles was 

based on the observation that in the absence of these peroxins certain PMPs accumulate at 

the ER [8,16]. However, as indicated above, we were unable to detect PMPs at the ER in either H. 

polymorpha [11] or S. cerevisiae pex3 cells (this thesis, Chapter 2; [12]). Also, according to the same 

authors, the formation of a peroxisome containing a functional matrix protein import machinery 

requires Pex1/Pex6-mediated fusion of the two types of vesicles, followed by membrane 

expansion and import of matrix proteins [16]. However, this theory was also undermined. 

A detailed microscopy study by Knoops and colleagues proved that in baker’s yeast, in the 

absence of Pex1 or Pex6, proteins of the docking and the RING complexes co-localize in the same 

membrane structure [20]. These observations were confirmed by Hettema and colleagues in an 

independent study [21].



69

Large-scale study of the origin of PPVs in S. cerevisiae pex3 cells

The peroxisomal membrane vesicles present in H. polymorpha pex3 atg1 cells [11] were not 

detected in WT cells. These vesicular structures mature into functional organelles upon 

reintroduction of PEX3, however, the mechanism of their formation is still elusive. There are 

at least two plausible possibilities regarding the origin of peroxisomal membrane vesicles in 

pex3 atg1 yeast cells. Vesicles containing a subset of PMPs may pinch off from the ER in a Pex3-

independent way, as was proposed for P. pastoris, although, with a different protein composition. 

Alternatively, they may represent semiautonomous peroxisomal membranes that grow and divide 

like normal peroxisomes, but miss a subset of PMPs. According to the first model, it is expected 

that PMPs first sort to the ER and egress in vesicles from this membrane. At the ER, PMPs may 

first concentrate at specialized regions called pER [22]. These regions have been proposed to be 

rich in Pex30 - a peroxin which, together with reticulons, defines the morphology of the ER, and 

creates regions where the biogenesis of PPVs may take place [22]. If this model is correct, PMPs 

transiently localize to the ER, followed by Pex3-independent exit in vesicles. Specific ER proteins 

involved in this process might end up in these vesicles. Because of the absence of Pex3, these 

vesicles do not mature into normal peroxisomes, explaining their accumulation in pex3 cells. If the 

second model is correct, the peroxisomal vesicles are formed by growth and fission and hence are 

not expected to contain ER proteins. Also, according to this model, PMPs should never localize to 

the ER. This model additionally implies that the PPVs in Pex3-deficient cells contain a functional 

fission apparatus and segregate over newly formed cells during cell division.

The research described in this chapter aims to further understand the formation and composition 

of peroxisomal membrane vesicles in S. cerevisiae pex3 atg1 cells. We created tailor made libraries 

by using automated mating, sporulation and mutant selection approaches [23], in collaboration 

with the Schuldiner lab. We used these libraries for large scale fluorescence microscopy analyses 

of pex3 atg1 cells. In the first yeast collection we introduced about 2000 GFP fusion proteins of 

S. cerevisiae in a pex3 atg1 strain producing Pex14-mCherry as marker protein. This library was 

constructed in order to identify novel proteins that localize to the peroxisomal vesicles. Also, 

this collection may enable us to detect specific PMPs that (transiently) localize to the ER. In the 

second library gene deletions were introduced in order to find genes involved in the formation 

of the peroxisomal membrane structures.
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Materials and methods
Construction of the pex3 atg1 Pex14-mCherry and pex3 atg1 Pex14-mGFP 
query strains for automated library production
Strains, plasmids and oligonucleotides used in this study are enlisted in Table 1, 2 and 3 

respectively. The S. cerevisiae atg1 pex3 Pex14-mCherry query strain was constructed as described 

before [12].

The S. cerevisiae atg1 pex3 Pex14-mGFP query strain was constructed using a special strain for 

automated approaches (yMS140). First, ATG1 was disrupted by replacing the ATG1 region with the 

nourseothricin (NAT) resistance gene using a PCR fragment containing the selective marker and 

50 bp of ATG1 flanking regions. The PCR fragment was amplified with the primers TER208 and 

TER209 using plasmid pAG25 as a template, and then transformed into yMS140 cells. NAT resistant 

transformants were selected and the correct integration was checked by colony PCR using the 

primers JWR005 and JWR006, and confirmed by Southern blotting.

PEX3 was deleted by replacing the PEX3 region with a cassette containing the zeocin (ZEO) 

resistance gene and 50 bp flanking regions of PEX3. The PCR fragment was amplified with the 

primers JWR051 and JWR052 using plasmid pSL34 as a template, and transformed into the atg1 

strain. Zeocin resistant transformants were selected and the correct integration was checked by 

colony PCR using the primers TER202 and TER203 and confirmed by Southern blotting.

A fragment encoding PEX14-mGFP and HIS region was cloned from a WT Pex14-mGFP strain 

(Invitrogen) using primers JWR057 and JWR058, and then transformed into pex3 atg1 cells. 

Histidine prototrophic transformants were selected and correct integration was confirmed by 

colony PCR with primers KEK168 and KEK208.

Yeast libraries construction
To create a collection of haploid strains used for screening of the GFP-tagged proteins that are 

localized to peroxisomal membrane vesicles, a query strain pex3 atg1 Pex14-mCherry was crossed 

into the SWAT-GFP library [24] or the C-terminal GFP library [25], by employment of automated 

mating, sporulation and mutant selection approaches [23,26]. From the SWAT-GFP library, we used 

a selection of ~2000 strains, enriched for secretory pathway proteins, tagged with GFP at their 

N-terminal part and expressed under a generic, constitutive promoter (SpNOP1pr) (each tagged 

with the URA3 selection cassette). The C-terminal GFP library contains all yeast proteins expressed 

under their native promoter (HIS3 selection cassette). To create the library in high-density format 
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(1536 growth positions per plate) we used a RoToR bench top colony arrayer (Singer Instruments). 

Mating was performed on YPD plates (1% yeast extract, 1% peptone and 1% glucose). Selection 

for diploid cells was performed on SD plates (6.7 g/l yeast nitrogen base and 2% glucose) (SD 

without uracil: SD-URA for SWAT library or SD without histidine: SD-HIS for C-terminal GFP library) 

containing NAT (200 µg/ml). Sporulation was induced by transferring cells to nitrogen starvation 

medium (SD-N: 0.17% yeast nitrogen base without amino acids and ammonium sulfate and with 

2% glucose) plates for 6 days. Haploid cells containing the desired mutations, Pex14-mCherry and 

a GFP-tagged protein, were selected by transferring cells to SD-URA (or SD-HIS) plates containing 

nourseothricin (200 µg/ml), hygromycin B (200 µg/ml) and zeocin (200 µg/ml) alongside the toxic 

amino acid derivatives canavanine and thialysine (Sigma-Aldrich) to select against remaining 

diploids, and lacking leucine to select for spores with an “alpha” mating type.

To create a collection of haploid triple mutants, a query strain pex3 atg1 Pex14-mGFP was crossed 

into the knockout (KO) library [27] and the Decreased Abundance by mRNA Perturbation (DAmP) 

library, which consists of hypomorphic alleles of most of the yeast essential genes [28], employing 

the same method as above. Strains from both libraries express G418 resistance cassette linked to 

the mutated genes. To create the library in high-density format (1536 growth positions per plate) 

we used a RoToR bench top colony arrayer (Singer Instruments). Mating was performed on YPD 

plates, and selection for diploid cells was performed on SD-HIS plates containing nourseothricin 

(200 µg/ml) and G418 (200 µg/ml). Sporulation was induced by transferring cells to nitrogen 

starvation medium plates for 6 days. Haploid cells containing the query strain gene deletions, 

Pex14-mGFP and an additional gene deletion, derived from the library strains, were selected by 

transferring cells to SD-HIS plates containing nourseothricin (200 µg/ml), zeocin (200 µg/ml) and 

G418 (200 µg/ml) alongside the toxic amino acid derivatives canavanine and thialysine (Sigma-

Aldrich) to select against remaining diploids, and lacking leucine to select for spores with an 

“alpha” mating type.

Automated high-throughput fluorescence microscopy
The screening collections were visualized using an automated microscopy setup as described 

previously [29]. Cells were transferred from agar plates into 384-well polystyrene plates for growth 

in liquid media using the RoToR arrayer robot. Liquid cultures were grown overnight at 30 °C 

in a shaking incubator (LiCONiC Instruments) in SD-URA medium (the SWAT-GFP collection) or 

SD-HIS medium (the C-terminal GFP and the triple mutants collections). A JANUS liquid handler 

(PerkinElmer) connected to the incubator was used to dilute the strains to an OD600 of ~0.2 into 

plates containing SD medium, in case of the SWAT-GFP and the C-terminal GFP libraries, or 
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S-Oleic (6.7 g/l yeast nitrogen base, 0.2% oleic acid and 0.1% Tween-40) for the triple mutant 

library, supplemented with complete amino acids. Plates were incubated at 30 °C for 5 hours 

in SD medium or for 20 hours in S-Oleic to reach logarithmic growth phase. The cultures in the 

plates were then transferred by the liquid handler into glass-bottom 384-well microscope plates 

(Matrical Bioscience) coated with concanavalin A (Sigma-Aldrich).

After 20 min, wells were washed twice with SD-Riboflavin-URA (or SD-Riboflavin-HIS) medium 

(for screens in glucose) or with double-distilled water (for screens in oleate) to remove non-

adherent cells and to obtain a cell monolayer. The microscopy plates were then transferred to 

the ScanR automated inverted fluorescent microscope system (Olympus) using a robotic swap 

arm (Hamilton). Images of cells in the 384-well plates were recorded in the same liquid as the 

washing step at 24 °C using a 60× air lens (NA 0.9) and with an ORCA-ER charge-coupled device 

camera (Hamamatsu). Images were acquired in two channels: GFP (excitation filter 490/20 nm, 

emission filter 535/50 nm) and mCherry (excitation filter 572/35 nm, emission filter 632/60 nm). 

All images were taken at a single focal plane.

Confocal laser scanning microscopy
For Airyscan imaging cells were grown on mineral medium (0.25% (NH4)2SO4, 0.02% MgSO4, 0.07% 

K2HPO4, 0.3% NaH2PO4, 0.05% yeast extract, 10% Vishniac solution) supplemented with 0.5% 

glucose, 0.1% vitamin solution, required amino acids and uracil (20 mg/l histidine, 30 mg/l leucine, 

30 mg/l lysine, 30 mg/l uracil and 20 mg/l methionine).

Cells were fixed using 1% formaldehyde for 10 min on ice. Airyscan images were captured with a 

confocal microscope (LSM800; Carl Zeiss) equipped with a 32-channel gallium arsenide phosphide 

photomultiplier tube (GaAsP-PMT), Zen 2009 software (Carl Zeiss) and a 63×1.40 NA objective 

(Carl Zeiss). The GFP and mCherry fluorescence were visualized with a 488 and 561nm diode 

laser respectively.

Electron microscopy
Correlative light and electron microscopy (CLEM) was performed using cryosections as described 

previously [20]. Sections were imaged on an Observer Z1 (Carl Zeiss) using Zen 2.3 software 

equipped with an AxioCAM MRm camera (Carl Zeiss) and a 63× 1.25 NA Plan-Neofluar objective 

(Carl Zeiss). GFP fluorescence was visualized with a 470⁄40 nm bandpass excitation filter, a 495 nm 

dichromatic mirror, and a 525⁄50 nm bandpass emission filter. After fluorescence imaging, the grid 
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was post-stained and embedded in a mixture of 0.5% uranyl acetate and 0.5% methylcellulose. 

Acquisition of the tomographic images was performed in a CM12 TEM running at 90 kV.

Table 1. Strains used in this study

Strain Description References

yMS140 BY4742, Matα; LYS2+; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; can1Δ::MFA1pr-

LEU2; lyp1Δ; cyh2

[23]

atg1 pex3 Pex14-mCherry BY4742, Matα; LYS2+; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; can1Δ::MFA1pr-

LEU2; lyp1Δ; cyh2; Δatg1::NatR; Δpex3::ZeoR, Pex14-mCherry::HygR

[12]

atg1 BY4742, Matα; LYS2+; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; can1Δ::MFA1pr-

LEU2; lyp1Δ; cyh2; Δatg1::NatR

This study

pex3 atg1 BY4742, Matα; LYS2+; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; can1Δ::MFA1pr-

LEU2; lyp1Δ; cyh2; Δatg1::NatR; Δpex3::ZeoR

This study

pex3 atg1 Pex14-mGFP BY4742, Matα; LYS2+; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; can1Δ::MFA1pr-

LEU2; lyp1Δ; cyh2; Δatg1::NatR; Δpex3::ZeoR, Pex14-mGFP::HIS3

This study

WT Pex14-mGFP BY4741, Mata, Pex14-mGFP::HIS3 Invitrogen

Knockout (KO) library gene∆::G418 [27]

DAmP library gene∆::G418 [28]

SWAT GFP library GFP::URA3 [24]

C-terminal GFP fusion library GFP::HIS3 [25]

Table 2. Plasmids used in this study

Plasmid Description References

pAG25 Plasmid containing nourseothricin marker (NatR) [30]

pSL34 Plasmid containing gene encoding GFP-SKL under control of MET25 

promoter; ZeoR

[31]

Table 3. Oligonucleotides used in this study

Name Sequence (5’ - 3’)

JWR005 CACTTAGCGCAAAAGTCACC

JWR006 GTCATGTCGGATCCTAATACC

JWR051 TCGTAAAAGCAGAAGCACGAAACAAGGAGGCAAACCACTAAAAGGACACAC CATAGCTTCAAAATG

JWR052 ATATATATATATATTCTGGTGTGAGTGTCAGTACTTATTCAGAGAAGCTGGGTACCGCGTCTGTAC

JWR057 AAAGATGACAATGCTGTTCC

JWR058 GATTACTGTTTCAATTAGCTGC

KEK168 GATTACTGTTTCAATTAGCTGC

KEK208 GATTACTGTTTCAATTAGCTGC

TER202 CAAGTAGTAGAGTTTGCGTG

TER203 ATCGCTGCAGGGTAATGTCA

TER208 ACCCCATATTTTCAAATCTCTTTTACAACACCAGACGAGAAATTAAGAAACCAGATCTGTTTAGCTTGCCTT

TER209 ATAGCAGGTCATTTGTACTTAATAAGAAAACCATATTATGCATCACTTAAATTCGAGCTCGTTTTCGACA

3



74

Chapter 3

Results and Discussion
A high throughput fluorescence microscopy screen reveals co-localization of 
several proteins with peroxisomal membrane vesicles in pex3 atg1 cells
High throughput fluorescence microscopy (HT-FM) screening provides a great tool to identify 

novel peroxisomal proteins or proteins that play a role in peroxisome biogenesis [32-34]. We 

aimed to select proteins that co-localize with Pex14-mCherry in S. cerevisiae pex3 atg1 cells. To 

this end we created tailor made libraries [26] and screened them by HT-FM. For the generation 

of the strain collection, we crossed a query strain with strains of the SWAT library (Figure 1A), 

containing approximately 2000 strains (enriched for secretory pathway proteins) with N-terminal 

GFP-fusion proteins expressed under control of constitutive NOP1 promoter [24]. As a query strain, 

we constructed an S. cerevisiae pex3 atg1 double deletion mutant, producing Pex14-mCherry to 

label the PPVs. In a parallel approach, we crossed the same query strain with the C-terminal GFP-

fusion library, in which proteins tagged with GFP at the C-terminus are expressed under control of 

the endogenous promoters. Unfortunately, for most strains of the latter library the GFP signal was 

too low to obtain reliable images by HT-FM. Figure 1B represents an example of a strain producing 

Pex17-GFP, which co-localizes with Pex14 (this thesis, Chapter 2; [12]), showing an ambiguous GFP 

signal pattern. On the other hand, HT-FM analysis of the strains overproducing the N-terminal 

GFP fusion proteins allowed us to detect proteins exhibiting (partial) co-localization with Pex14-

mCherry spots in the pex3 atg1 mutant (Figure 1C). We divided the strains based on the level of 

co-localization in two categories, namely “high”, where in the majority of cells, that contained 

GFP spots, the GFP signal overlapped with the Pex14-Cherry spots (Figure 1D) and “partial”, where 

Pex14-mCherry spots co-localized with GFP only in a portion of the cells (Figure 1E).

We detected three proteins in the first category (Figure 1C, D). These include Alg14 - a component 

of the protein glycosylation machinery at the ER, Mdh2 – a malate dehydrogenase, and Pex8 - a 

peroxisomal protein important for the assembly of the importomer complex. Pex8 was expected 

to co-localize with Pex14-mCherry, as we showed earlier that several peroxins, including Pex8, 

localize at PPVs in S. cerevisiae (this thesis, Chapter 2; [12]) and H. polymorpha pex3 cells [11]. 

In S. cerevisiae, the malate dehydrogenase Mdh2 localizes mainly to the cytosol, but also to 

peroxisomes [25,32,35]. Recent studies have indicated that in WT yeast cells Mdh2 associates 

to peroxisomal malate dehydrogenase, Mdh3, leading to its targeting to peroxisomes (Zalckvar, 

unpublished data). On the other hand, in the absence of Pex3 peroxisomal matrix proteins, 

including Mdh3, mislocalize to the cytosol (shown for the peroxisomal matrix proteins Cta1, Fox1, 

Fox2; Figure 1F). Therefore, sorting of Mdh2 to the PPVs in pex3 cells apparently occurs via a 

different mechanism than Mdh2 sorting to peroxisomes in WT cells. Although Alg14 has not been 

localized to peroxisomes in WT cells, its presence at PPVs points to their potential ER-origin.
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Figure 1. A genetic screen to search for proteins residing at PPVs of S. cerevisiae pex3 atg1 cells. (A) Schematic rep-

resentation of the query strain and commercially available yeast collections used in the libraries generation. S. cerevisiae 

pex3 atg1 containing the peroxisomal marker Pex14-mCherry was crossed with the SWAT collection containing strains 

with proteins harbouring N-terminal GFP tag, under expression control of PNOP1 and with GFP collection containing strains 

with proteins harbouring C-terminal GFP tag, under expression control of their endogenous promoters. (B) FM images of 

S. cerevisiae pex3 atg1 producing Pex17-GFP and Pex14-mCherry. (C) Table enlisting GFP-tagged proteins that (partially) 

co-localize with Pex14-mCherry in the pex3 atg1 strain. High level of co-localization describes strains in which the majority of 

cells, that contain GFP spots, display an overlap with the Pex14-mCherry signal. Partial co-localization refers to strains where 

Pex14-mCherry spots co-localize with GFP only in a few cells. (D-G) FM images presenting examples of strains with different 

levels of co-localization. pex3 atg1 double mutants producing Pex14-mCherry and GFP-Alg14/Mdh2/Pex8 (D) represent the 

group of high co-localization level, while pex3 atg1 Pex14-mCherry GFP-Nvj2 (E) shows partial co-localization. (F) Cytosolic 

localization of GFP-Mdh3 and other peroxisomal enzymes (Cta1, Fox1 and Fox2) in pex3 atg1 Pex14-mCherry. (G) pex3 atg1 

Pex14-mCherry GFP-Alg1/5/11 strains showing different patterns of Pex14-mCherry signal. Scale bars represent 5 μm.
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In the category of proteins partially co-localizing with Pex14 we found several other ER proteins, 

namely Alg1, Alg5, Alg11, Cue1, Dpl1, Nus1, Nvj2, Rer2, Rcr1, Sec16, Yip1 and Ypt1. Like Alg14, 

also Alg1, Alg5 and Alg11 are involved in protein glycosylation in the ER. Moreover, Alg1 interacts 

physically with Alg11, indicating that these proteins occur together at the same region of the ER. 

Other ER proteins co-localizing with Pex14 and involved in glycosylation, namely Nus1 and Rer2, 

form the dehydrodolichyl diphosphate synthase (DDS) complex which produces a precursor of 

dolichol utilized as a sugar carrier. These proteins are also present at lipid droplets, similarly to 

Faa4, that is involved in fatty acid metabolism. Their co-localization with Pex14-mCherry creates 

a potential link between peroxisomal membrane vesicles and lipid droplets, which may originate 

from the same ER regions, as suggested before [36,37]. The co-localization of proteins of the 

ER-glycosylation machinery with Pex14-mCherry is in line with the model that Pex14-mCherry 

accumulates at the ER in the absence of Pex3.

We also observed components of the ER-to-Golgi pathway co-localizing with Pex14. For instance, 

Yip1, which is required for the biogenesis of COPII transport vesicles, Sec16, which constitutes a 

COPII coat protein and Ypt1, which is a Rab GTPase important for the initial steps of the secretory 

pathway, together with its GTPase-activating protein - Gyp1. The presence of these proteins 

at peroxisomal membrane vesicles creates a link between PPVs and the secretory pathway, 

suggesting that the peroxisomal vesicles and COPII vesicles are released from the same regions 

at the ER and may share (some components of) the vesicle formation machinery.

Another interesting ER protein partially co-localizing with Pex14-mCherry is Nvj2, a protein of 

nucleus-vacuole junctions (NVJs). Nvj2 contains a synaptotagmin-like-mitochondrial-lipid binding 

protein (SMP) domain that is essential for protein targeting to membrane contact sites (MCS) 

[38]. Another important structural feature of Nvj2 is the presence of a pleckstrin homology (PH) 

domain, which has a potential to bind lipids. It is tempting to speculate that Nvj2 may enable 

formation of contacts between the ER and PPVs, where the ER may play a role in supplying these 

vesicles with lipids.

Summarizing, our initial HT-FM analysis suggests that multiple ER proteins and proteins of the 

secretory pathway co-localize with Pex14-mCherry at peroxisomal vesicles in yeast pex3 cells, 

in line with a model according to which these structures pinch off from pER. This model is also 

supported by a recent study in P. pastors, which showed that accumulation of PMPs at the ER 

precedes formation of peroxisomal vesicles from this compartment [17]. Peroxisomal vesicles 

could incorporate other ER proteins that reside at pER or regions adjacent to it, while pinching 
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off. Based on the co-localization results it is unlikely that the Pex14-containing membrane 

structures represent pER. The latter is supported by our previous careful electron microscopy 

(EM) and biochemical analyses, which revealed that the vesicles are not continuous with the ER 

and that PMPs do not co-fractionate with the typical ER marker, Kar2, in the pex3 atg1 mutant. 

Also, none of the overproduced PMPs showed a typical ER localization pattern in pex3 atg1 cells 

(this thesis, Chapter 2; [12]). Therefore, a plausible explanation is that the PMPs first insert in 

the ER, accumulate at pER where PPVs pinch off in a rapid event that does not allow detectible 

accumulation of PMPs at the ER membrane.

Other proteins that showed partial co-localization with Pex14 included peroxins. Interestingly, in 

the HT-FM screen only Pex8 showed full co-localization with Pex14-mCherry, while this was much 

less clear for Pex4, Pex5, Pex13, Pex17 and Pex22. As detailed in Chapter 2, this can be explained 

by the stability of these proteins, because we demonstrated that overproduced GFP-Pex8 is not 

degraded in pex3 atg1 cells as opposed to the other peroxins tested.

S. cerevisiae Pex28, Pex29, Pex30, Pex31 and Pex32 belong to a family of ER-localized peroxins 

that are responsible for regulating peroxisome proliferation and size [39], but dispensable for 

peroxisome biogenesis. In addition, ScPex30 and ScPex31 were reported to localize to ER regions 

where PPVs biogenesis occurs [22]. Unfortunately, the quality of the HT-FM images was insufficient 

to assess Pex28 localization. Pex32, but not Pex29, Pex30 or Pex31, co-localized with the mCherry 

signal. This suggests that Pex32 localizes to a different region at the ER than the other members 

of this protein family. Whether Pex32 is localized to the PPVs or present at the ER in the vicinity 

of the PPVs has to be established.

Other proteins that co-localize with Pex14-mCherry represent proteins involved in intracellular 

trafficking, metabolism and signaling as well as proteins of unknown functions (Figure 1C). Among 

others, we found Tvp18, Tvp23 - proteins localizing to late Golgi vesicles, Ypt31- a late Golgi Rab 

GTPase, Gos1 encoding a Golgi SNARE protein that shows genetic interactions with Coy1. We 

also found two enzymes that belong to the Golgi compartment, namely: Mnn10, Ste13 as well as 

proteins linked to vacuoles: Env9, in the absence of which vacuoles display abnormal morphology 

[40], and Opy2 - a component of the high-osmolarity glycerol (HOG) pathway [41]. Additionally, 

we found Csf1 that localizes to highly-purified mitochondria fraction [42]. Localization of proteins 

characteristic for specific organelles to peroxisomal membrane vesicles implies a possibility of a 

function- or origin-related link among vesicles and those cellular compartments. However, these 
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data should be interpreted with caution considering that overproduction of proteins may lead 

to their mistargeting [43].

In general, data obtained from HT-FM approaches should be handled with caution, because 

of the risk of misinterpretation. It is mainly related to difficulty in implementing proper control 

experiments for each individual strain. For instance, we cannot exclude that some of the spots 

observed in the mCherry channel are the result of bleed-through of the signal coming from the GFP 

channel and vice versa. This scenario seems feasible because the patterns of the Pex14-mCherry 

spots differ considerably among the strains (Figure 1D, G). For instance, in the images representing 

GFP-Alg1, GFP-Alg11 and GFP-Alg14 the spots are more abundant than the spots of GFP-Alg5. This 

pattern corresponds to the increased number of spots in the mCherry channel. These Pex14-

mCherry spots co-localize with the GFP signal, especially in case of GFP-Alg14. Since all the images 

represent strains originating from the same pex3 atg1 query strain, the Pex14-mCherry distribution 

is expected to be comparable between analyzed strains, provided that overproduction of these 

proteins does not influence the abundance of membrane vesicles.

Comparison of HT-FM and manually acquired confocal laser scanning 
microscopy images
Obviously, HT microscopy screens using yeast strains grown in microtiter plates and automated 

fluorescence microscopy imaging are very useful in the initial selection of candidate strains for 

further analysis. However, these approaches provide data of much lower quality than manual 

confocal laser scanning microscopy (CLSM) analysis of cells grown in batch cultures. Therefore, 

initial findings resulting from the HT screens should be confirmed with more precise analyses. 

Following that thought, we compared HT-FM images of a selection of strains that showed partial 

co-localization of mCherry and GFP signals with images of these strains upon growth of cells in 

batch cultures, followed by detailed CLSM analysis. Three pex3 atg1 strains were tested, namely: 

pex3 atg1 Pex14-mCherry producing N-terminally tagged Gyp1, Ypt1 or Faa4 under control of the 

PNOP1.

These proteins all showed a partial co-localization in the HT-FM screen (Figure 1C, 2). Images 

resulting from HT-FM show cytosolic GFP signal with additional spots in all three strains (Figure 

2A). Pex14-mCherry signal forms punctate pattern, with a few large spots of high intensity in 

conjunction with many smaller spots of lower intensity. Generally, co-localization between the 

GFP and mCherry channels is only observed in case of the bigger and brighter Pex14-mCherry 

spots.
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Upon CLSM analysis (Figure 2B), GFP-Gyp1 is still observed to be mainly cytosolic with only a few 

weak spots, out of which some overlap with Pex14-mCherry spots, in line with the HT-FM results. 

On the other hand, GFP-Ypt1 and GFP-Faa4 are localized solely in spots, upon CLSM imaging, and 

not in the cytosol. This corresponds to localization of these proteins reported previously for WT 

yeast cells [44,45]. There is a GFP spot that co-localizes with the Pex14-mCherry puncta in images 

representing both strains, consistent with the HT-FM results. In some cases, spots of the GFP and 

mCherry channels are localized close to each other, however, the signals do not overlap. These 

instances could be misinterpreted as co-localization if visualized by HT-FM.

Figure 2. Comparison of HT-FM and manually obtained CLSM images. Images of selected pex3 atg1 strains producing 

Pex14-mCherry and GFP-tagged proteins (GFP-Gyp1/Ypt1/Faa4) (A) grown in microtiter plates and imaged by means of 

automated HT-FM or (B) grown in shake flasks and imaged manually using Airyscan microscopy (CLSM). Arrows indicate 

regions of GFP and mCherry co-localization. Scale bars represent 5 μm.
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Summarizing, some of the co-localization events are still visible in CLSM-acquired images. 

Because of the detection limit of FM, both HT-FM and CLSM-resulting data are insufficient to 

state that co-localization indeed occurred. If two structures are less than 100 nm (Aircsan CLSM) 

or 200 nm (HT-FM) apart, they still appear to co-localize, using these techniques. Therefore, the 

best approach would be to start off with HT-FM analysis, followed by CLSM analysis of positive 

candidates. Then, the narrowed down list of candidates could be analyzed further by EM/CLEM.

We aimed to detect co-localization of small fluorescence spots. For our approach, HT-FM proved to 

be less convenient compared to analyses of major phenotypes, like mislocalization of peroxisomal 

matrix protein marker (DsRed-SKL), which can be easily detected, imposing lower risk of technical 

issues, such as bleed through.

Peroxisomal membrane vesicles are not exclusively associated with the ER
Several PMPs were proposed to accumulate at the ER in Pex3-deficient yeast cells based on 

fluorescence microscopy analysis [8]. However, later studies indicated that these PMPs were 

present in spots that represented membrane structures close to the ER and were not localized 

at the ER [11]. To test whether Pex14-mCherry spots were only observed close to the ER or also 

to other cell compartments, we localized Pex14-mCherry spots in several strains containing GFP-

tagged proteins known to reside at specific cellular compartments. We acquired CLSM images of 

the following strains: pex3 atg1 Pex14-mCherry GFP-Sec63 (N-terminal GFP tag, PNOP1), pex3 atg1 

Pex14-mCherry Tvp23-GFP/Vph1-GFP/Tom70-GFP (C-terminal GFP tag, endogenous promoter), 

(Figure 3).

Analysis of the pex3 atg1 strain producing the ER protein GFP-Sec63 revealed that the GFP signal 

only partially co-localized with Pex14-mCherry spots, whereas the majority of the Pex14-mCherry 

spots did not co-localize with the ER marker, in line with earlier observations. The GFP fusion of 

the late Golgi vesicles protein - Tvp23 - displayed a spotted pattern distributed all over pex3 atg1 

mutant cells. Like for the ER marker, also Tvp23-GFP spots were often observed in the proximity 

to Pex14-mCherry spots or overlapping with the Pex14 spots. However, there is a high probability 

that the co-localization events were random, considering a highly scattered pattern of Tvp23-

GFP signal. Similarly, Pex14-mCherry spots often localized close to vacuoles (Vph1-GFP) and 

mitochondria (Tom70-GFP). These data indicate that, based on their sub-cellular localization, 

PPVs are not specifically enriched close to the ER.
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Figure 3. Peroxisomal membrane vesicles do not associate with organellar membranes in pex3 atg1. Images of pex3 

atg1 mutants producing Pex14-mCherry and GFP-tagged proteins (N-terminal GFP-Sec63; C-terminal Tvp23/Vph1/Tom70-

GFP). Cells were grown in shake flasks and imaged manually using Airyscan microscopy (CLSM). Scale bar represents 5 μm.

Figure 4. Phenotypes distinguished within the triple mutants collection. HT-FM images representing examples of pex3 

atg1 gene-x cells that contain different number of Pex14-mGFP spots. (A) Control cells containing approx. 1 spot. (B) Cells 

containing multiple spots. Cells were cultivated on oleate-containing medium for 20 h. Bar represents 5 μm.
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A HT-FM screen of triple mutants pex3 atg1 gene-x producing Pex14-mGFP 
reveals mutants with aberrant numbers of GFP spots
In order to identify genes that are required for the formation of peroxisome membrane vesicles, 

we constructed a library of yeast triple mutants devoid of PEX3 ATG1 and an additional third 

gene, including all non-essential genes of S. cerevisiae, using automated approaches as above. 

This library was expected to contain triple mutants devoid of peroxisomal membrane vesicles, 

and hence, lacking Pex14-mGFP spots. To study the importance of essential genes in membrane 

vesicle biogenesis, we also crossed the query strain with the Decreased Abundance by mRNA 

Perturbation (DAmP) library - a collection of S. cerevisiae strains containing hypomorphic alleles, 

causing reduced expression of essential genes that display modest growth defects. The resulting 

libraries were imaged using HT-FM. Analysis of the images indicated that none of the strains 

obtained was completely devoid of Pex14-mGFP spots. Instead, we distinguished two categories 

based on the observed phenotypes (Figure 4). Because the pex3 atg1 control was not included 

in the HT-FM screen, we used pex3 atg1 hxk1 Pex14-mGFP, which resembles the pex3 atg1 Pex14-

mGFP (query strain; this thesis, Chapter 2; [12]) as a control. HXK1 encodes hexokinase - an enzyme 

important for breaking down of glucose. However, because of the presence of the paralog HXK2, 

the HXK1 gene is not essential for viability or growth on glucose. Also, the absence of Hxk1 does not 

have any effect on the phenotype of pex3 atg1 cells. The first group represents strains containing 

approximately one Pex14-mGFP spot per cell (Figure 4A). The second category contains triple 

mutants with enhanced numbers of Pex14-mGFP spots relative to the control cells (Figure 4B, 

Table S1).

Strains with multiple Pex14-mGFP spots still contain PEX3
Given the very large group of strains with multiple spots, we decided to start off with the analysis of 

one of them in more detail. We chose pex3 atg1 gos1 Pex14-mGFP because GOS1 encodes a vesicle 

SNARE protein that is localized to the Golgi compartment [46]. This fact could link peroxisomal 

membrane vesicles in pex3 atg1 cells to the vesicular transport machinery. First, we performed 

EM analysis of the pex3 atg1 gos1 mutant. This revealed that the strain contains peroxisomes, like 

WT cells, instead of membrane vesicles (Figure 5A). Additionally, pex3 atg1 gos1 cells appeared to 

be larger than pex3 atg1, suggesting that they may represent diploid cells [47] (Figure 5B).

This unexpected observation made us analyze whether the strain is correct. In addition to pex3 atg1 

gos1 Pex14-mGFP, we checked the genotype of a few additional strains (pex3 atg1 vps41, pex3 atg1 

yop1, pex3 atg1 dyn2) with a similar phenotype. Vps41 is a subunit of the HOPS complex [44,48]. Yop1 

functions as an initiator of the ER membrane curvature and facilitates formation of tubular ER [49]. 

Yop1 has been also shown to form a complex with Pex30 at ER regions where de novo biogenesis of 
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peroxisomes takes place [50]. Dyn2, a protein involved in intracellular transport and cell division, 

is an interesting hit because studies in Y. lipolytica showed that Dyn2 interacts with Pex14 and is 

important for peroxisomal function and biogenesis [51].

PCR analysis of the strains, together with a negative (WT) as well as a positive (pex3 atg1) control, 

indicated that these mutants still contain PEX3 (Figure 5C). Based on this outcome we assume 

that PEX3 is still present in all the strains that contain enhanced numbers of GFP spots. Therefore, 

we did not analyze these mutants further.

Figure 5. PEX3 is present in the strain containing the GOS1 deletion. (A) CLEM of a double mutant atg1 gos1 producing 

Pex14-mGFP (until the point of analysis where PEX3 expression was confirmed, the strain was considered to be a triple 

mutant: pex3 atg1 gos1); upper panel: localization of Pex14-mGFP in a cryosection using FM; lower panel: tomographic 

slices of FM-localized Pex14-mGFP spot (indicated by arrows) in atg1 gos1. (B) Size of cells based on quantification of 150 

cells of pex3 atg1 and atg1 gos1 mutants in two independent experiments (n = 2). (C) Agarose gel image representing results 

of PCR analysis of selected strains in terms of the PEX3 presence.
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Most of the mutants with PEX-x deletion do not express PEX3 and contain 
approximately one Pex14-mGFP spot per cell
Finally, we focused on twenty three triple mutants that should lack, in addition to PEX3, another 

PEX gene. We analyzed the number of spots per cell in these mutants employing HT-FM imaging 

(Figure 6A).

Except for the triple mutants harboring deletions of PEX8, PEX10 or PEX35, all strains displayed a 

phenotype that resembled the control strain - pex3 atg1 hxk1 Pex14-mGFP, suggesting that these 

deletions did not affect PPVs formation. pex3 atg1 pex8 and pex3 atg1 pex10 contained irregularly 

shaped Pex14-mGFP spots in amounts similar to the control strain. We additionally checked pex3 

atg1 pex35 - the only strain within this group that contained multiple spots per cell.

PCR analysis revealed that pex3 atg1 pex35 strain still contained the PEX3 gene, as expected (Figure 

6B). The PCR analysis showed also that in both pex3 atg1 pex8 and pex3 atg1 pex10, PEX3 is absent. 

Additionally, however, PEX8 and PEX10 were not deleted in the selected strains. Therefore, these 

represent triple mutants with an unknown gene deletion in addition to PEX3 and ATG1. Due to 

the aberrant phenotypes of these triple mutants (different than control) they seem like promising 

candidates in the studies of peroxisomal membrane vesicles biogenesis. It would be worthwhile 

to find out which genes deletion caused this phenotype that differs from the control.

Concluding remarks
Here we have identified a number of GFP-tagged proteins, including ER proteins, which co-localized 

with the Pex14-mCherry in pex3 atg1 cells, suggesting that (a portion of) these proteins may localize 

at peroxisomal membrane vesicles. At times, vesicles were observed to localize in the proximity to 

the ER suggesting that they may derive from that compartment. However, PPVs were also observed 

in close vicinity of the vacuole, mitochondria and the Golgi apparatus, indicating that their presence 

close to the ER is not a typical feature of PPVs. Moreover, because of the resolution limit of FM, those 

GFP-tagged proteins that co-localized with Pex14-mCherry may still be localized elsewhere and 

separated by a distance up to 200 nm, the theoretical resolution limit of FM. Additionally, the quality 

of HT-FM-acquired images is not optimal, as a result of employment of a microscope equipped with 

an air objective and implementation of autofocus function. Still, these HT approaches provide a very 

powerful tool facilitating initial screening of large strain collections, as those used in this study (over 

10000 strains in total). In our study we analyzed the localization of proteins at very small structures, 

which poses a major challenge for light microscopy approaches. In fact, only EM analysis (double 

immunolabelling) can prove the presence of a protein at the same structure as Pex14, since it offers 

a much higher resolution than FM/CLSM.
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Figure 6. Strains containing approximately one spot per cell represent triple mutants. (A) FM images depicting pex3 

atg1 pex-x strains resulting from the crossing of the query strain pex3 atg1 Pex14-mGFP with the yeast KO library. (B) Image 

of agarose gel representing PCR results of analysis of selected strains in terms of PEX3 presence. Scale bar represents 5 μm.

There are many additional factors that can affect the outcome of HT-FM screens. Because very 

large numbers of strains are produced, it is not feasible to check all of them by colony PCR to 

confirm their genotypes. Similarly, it is impossible to analyze all strains by western blotting to 

show that the fluorescence signal is derived from full length proteins. This posed a substantial 
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problem in our analysis as many of the putative triple mutants, most likely, still contained the 

PEX3 gene. Since PEX3 deletion in the query strain was confirmed by Southern blotting, probably 

diploids still occurred, as well as haploids with the wrong genotypes, due to incomplete selection 

(e.g. incorrect amount of the antibiotic added). Indeed, analysis of the size of the presumed pex3 

atg1 gos1 mutant cells suggested that these, in fact, represent diploids.

Most likely, strains with approximately one Pex14-mGFP spot per cell are indeed the desired 

triple mutants. As we did not observe any mutant without Pex14-mGFP spots or Pex14-mGFP 

mislocalized to another structure (e.g. the ER), we speculate that in none of the analyzed triple 

mutants PPVs formation was blocked. In this work we decided to focus on the strains with multiple 

Pex14-mGFP spots, however, it would be worthwhile to analyze the group of strains containing 

approximately one spot per cell in the future as well. Focus should be directed especially to 

the strains within that group displaying aberrant phenotypes, e.g. strains with lower number of 

Pex14-mGFP spots than the double mutant pex3 atg1. This would indicate a direction for further 

studies aiming at identification of key players in the process of peroxisomal vesicle formation.

Supplementary data
Table S1. List of gene deletions causing a multiple fluorescent spots phenotype in the query strain (pex3) atg1 
Pex14-mGFP.

Gene name

AAR2 COQ9 GTS1 MEX67 PIH1 SCS22 TYW1 YJR120W

AAT1 COX18 GUP2 MIC60 PIN4 SDD3 TYW3 YKL169C

ACK1 COX9 GZF3 MIX23 POP5 SDH1 UBA2 YKR078W

ACO2 CPD1 HHT1 MLP2 PPH21 SDH2 UBA3 YLR031W

ACS1 CSI2 HIS4 MMF1 PRM5 SEC28 UBC8 YLR118C

ADA2 DAL3 HIS7 MNE1 PRM7 SEC59 UBP7 YLR149C

ADE17 DAL4 HMG2 MPD2 PRM7 SEM1 UFD2 YLR311C

ADH6 DAL81 HOF1 MPP6 PRP42 SET6 USO1 YLR434C

ADH7 DAN1 HOR2 MRF1 PRR2 SFH1 UTR5 YMD8

ADK1 DAT1 HPM1 MRP10 PTC4 SFH5 VAM7 YML082W

ADY3 DBP6 HRQ1 MRP17 PTP2 SHC1 VBA2 YML117W-A

AFG3 DFG5 HSM3 MRPL10 PUB1 SIC1 VPS41 YMR085W

AGE2 DID2 HTA2 MRPL3 PWP1 SIN3 VTC3 YMR099C

AIF1 DLS1 HTS1 MRPL40 QCR6 SIW14 YAE1 YMR1

AIM25 DNA2 HUB1 MRPL6 QCR8 SKI8 YAL037W YMR160W

AIM45 DPB11 HXT12 MRPL7 QRI2 SKM1 YAP5 YMR210W

AIM6 DRE2 HXT3 MRPS35 QRI5 SLM3 YBL010C YMR31

ALY2 DYN1 HXT5 MRS2 RAD18 SLP1 YBR051W YMR326C

APJ1 DYN2 IBD2 MSA2 RAD28 SLT2 YBR134W YNL140C
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Gene name

APL1 EAF3 ICP55 MSD1 RAD61 SMC5 YBR238C YNL144C

ARI1 EAF6 ICY2 MSE1 RAP1 SNA3 YCG1 YNL165W

ARO2 ECM17 IES6 MSR1 RCK1 SNZ1 YCL006C YNL203C

ARP5 ECM39 IFA38 MSS2 RCR1 SOA1 YCL074W YNR042W

ARR3 EFB1 IKI3 MSS51 RCY1 SPC1 YCR025C YNR062C

ASR1 EFM1 ILV1 MTF1 RDL1 SPO21 YDL009C YNR065C

ATO3 EHD3 IML3 MTF2 RDS1 SSK2 YDL032W YOL106W

ATP14 ENV10 IMP1 MTL1 REC107 SSN2 YDL118W YOL150C

ATP20 ERG1 INO2 MUS81 RIF2 SSU1 YDR015C YOP1

AVT6 ERG12 INO4 NCB2 RIM8 STF2 YDR187C YOR199W

AYR1 ERG2 IPI1 NDJ1 RIO2 STR2 YDR199W YOR263C

BAP2 ERJ5 IRC18 NGG1 RIX7 SUA5 YDR250C YOR300W

BCS1 ERP6 IRC19 NOG2 RLP7 SUI1 YDR341C YOR345C

BDH2 FCY22 IRC5 NOP16 ROY1 SWM2 YDR535C YPD1

BFR2 FMO1 JHD2 NOP2 RPB4 TAD3 YER091C-A YPL062W

BMH1 FMP33 JJJ2 NSA1 RPC37 TAF3 YER097W YPP1

BNA7 FMP40 JSN1 NUP42 RPC53 TAH11 YER188W YPQ2

BNR1 FMP49 KAR2 ODC2 RPL13A TAO3 YGL069C YPR014C

BOP1 FRE7 KEI1 OPY2 RPL16B TCM10 YGL109W YPR092W

BRE1 FRQ1 KIN28 ORC5 RPL37B TDH2 YGL159W YPS7

BSC5 FSH1 KRE11 PAC11 RPL40B TFB1 YGL199C YRA1

BUD19 FUN26 LAG1 PAI3 RPL42A TIF3 YGL199C YSP2

CAR1 FUS3 LAM4 PAL1 RPL8B TIF4631 YGR021W YUR1

CAT2 GAP1 LAT1 PBS2 RPN13 TIM44 YGR151C YVC1

CCW14 GAS4 LIT2 PCP1 RPO21 TLG1 YGR190C ZDS1

CCZ1 GCN1 LRE1 PDH1 RPS17B TOR1 YGR201C ZPR1

CDC1 GEP3 LSC2 PDX1 RRG1 TOR2 YGR237C

CDC11 GID8 LTP1 PET100 RRN3 TOS1 YHR022C

CDC13 GIR1 LUC7 PET112 RRP9 TOS2 YHR045W

CDC16 GIS2 MAG2 PET191 RSC3 TOS3 YHR130C

CDC28 GLC3 MAK16 PEX35 RSM18 TPC1 YHR180W

CDC45 GLC7 MAK3 PFA5 RSM24 TPO4 YIM2

CDC48 GLG2 MCM22 PFF1 RTC2 TRK1 YIR042C

CDC5 GLO2 MCT1 PFF1 RTC6 TRM3 YJL007C

CEP3 GON5 MDE1 PFK26 RTG3 TRM5 YJL064W

CEX1 GOS1 MDH2 PFS1 RTT10 TRS23 YJL163C

CKB2 GPD1 MDL1 PFY1 SAP155 TUB3 YJL206C

CKI1 GPH1 MEI1 PGA3 SBH2 TUF1 YJL213W

CLU1 GPI18 MEP1 PHO89 SCD5 TVP18 YJR087W

CNA1 GPI8 MET7 PHO92 SCS2 TYR1 YJR096W
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