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Abstract
Pex30 is a dysferlin domain-containing protein whose role in peroxisome biogenesis has been studied by several research 
groups. Notably, recent studies have linked this protein to peroxisomes, endoplasmic reticulum and lipid bodies in Sac-
charomyces cerevisiae. Phosphoproteome studies of S. cerevisiae have identified several phosphorylation sites in Pex30. 
In this study we expressed and purified Pex30 from its native host. Analysis of the purified protein by circular dichroism 
spectroscopy showed that it retained its secondary structure and revealed primarily a helical structure. Further phosphoryla-
tion of Pex30 at three residues, Threonine 60, Serine 61 and Serine 511 was identified by mass spectrometry in this study. 
To understand the importance of this post-translational modification in peroxisome biogenesis, the identified residues were 
mutated to both non-phosphorylatable (alanine) and phosphomimetic (aspartic acid) variants. Upon analysis of the mutant 
variants by fluorescence microscopy, no alteration in the localization of the protein to ER and peroxisomes was observed. 
Interestingly, reduced number of peroxisomes were observed in cells expressing phosphomimetic mutations when cultured 
in peroxisome-inducing conditions. Our data suggest that phosphorylation and dephosphorylation of Pex30 may promote 
distinct interactions essential in regulating peroxisome number in a cell.
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Introduction

Protein phosphorylation is a ubiquitous post-translational 
modification that regulates various cellular processes in 
eukaryotes (Cohen 2002). Phosphorylation events are 
dynamic and reversible, mediated by protein kinases and 
phosphatases (Taylor et al. 2012). Protein phosphorylation 
involves introducing a negatively charged phosphate group 
to the side chain of a specific amino acid residue, mainly ser-
ine, threonine, and tyrosine, in a polypeptide chain (Hunter 

2012). The addition of a covalently bound phosphate group 
results in conformational changes in the structure of the 
protein that leads to alteration in the binding affinity of the 
protein with its interacting partners and the regulation of 
subcellular localization of the protein (Johnson and Barford 
1993; Nishi et al. 2011; Balta et al. 2018). Approximately 
40–50% of yeast proteome is reported to be phosphorylated, 
indicating the indispensable nature of phosphorylation in the 
study of eukaryotic biology (Vlastaridis et al. 2017).

Peroxisomes are single membrane-bound organelles 
ubiquitously present in all eukaryotes whose number and 
function vary in response to cellular metabolic needs (Deb 
and Nagotu 2017). Peroxisomes are well-characterized for 
their role in neutralizing harmful reactive oxygen species 
(ROS) produced by the cell and the β-oxidation of fatty acids 
(Deb and Nagotu 2017; Deori et al. 2018). The biogenesis of 
these organelles is regulated by a set of proteins called per-
oxins (Pex) required for various aspects of biogenesis, such 
as division and protein import leading to the formation and 
maturation of new daughter peroxisomes (Subramani et al. 
2000; Akşit and van der Klei 2018). Previous studies have 
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reported that Pex proteins are also associated with the deg-
radation of peroxisomes termed pexophagy (Zutphen et al. 
2008; Zhang et al. 2015). In S. cerevisiae, the differential 
identification of phosphorylated-proteins when cultured in 
peroxisome-inducing and peroxisome-repressing conditions 
emphasizes the relevance of phosphorylation on peroxisome 
dynamics (Saleem et al. 2010). Several peroxisomal proteins 
in various organisms are now reported to be phosphorylated 
(Infant et al. 2021). This modification regulates the import 
of peroxisomal proteins such as Cit2p (a peroxisomal iso-
form of citrate synthase) and catalase from the cytosol into 
the peroxisomal matrix (Oeljeklaus et al. 2016; Okumoto 
et al. 2020; Schummer et al. 2020). Phosphorylated forms of 
the peroxisomal membrane protein Pex11 are also identified 
in various yeast species (Knoblach and Rachubinski 2010; 
Joshi et al. 2012; Thomas et al. 2015).

One such interesting protein that is multifunctional and 
has a role in peroxisome biogenesis, lipid droplet biogen-
esis, and required for the maintenance of ER shape is Pex30 
(Vizeacoumar et al. 2004; Joshi et al. 2016; Wang et al. 
2018). Pex30 is a dysferlin domain-containing protein that 
initially targets to the cortical ER and then traffics to spe-
cific subdomains of ER where it associates with proteins 
responsible for maintaining the tubular structure of ER such 
as Rtn1, Rtn2 and Yop1 (David et al. 2013). Earlier studies 
have reported an increase in peroxisome number in cells 
lacking Pex30, thereby indicating its role in the regulation 
of peroxisome number in a cell (Vizeacoumar et al. 2004). 
However, later studies reported the role of Pex30 in the for-
mation of peroxisomes from the ER (David et al. 2013). 
A role for Pex30 in lipid body biogenesis has also been 
recently demonstrated. Pex30 is reported to associate with 
the lipid droplet protein, seipin, in specific subdomains of 
ER and modulates the exit site of pre-peroxisomal vesicles 
(PPVs) that eventually leads to the formation of peroxisomes 
and lipid droplets (LDs) (Joshi et al. 2018). The absence of 
Pex30 is also associated with a delay in the formation of LDs 

from the ER, underlying the role of Pex30 in LD biogenesis 
(Wang et al. 2018).

Several independent phosphoproteome studies have iden-
tified 17 putative residues in Pex30 that can undergo phos-
phorylation. Most of these phosphorylated sites are located 
at the extreme C-terminus of the protein (Albuquerque 
et al. 2008; Swaney et al. 2013; Lanz et al. 2021). Although 
Pex30 is reported to be phosphorylated at multiple residues, 
detailed studies of these putative sites on the function and 
localization of the protein are not performed. In this study, 
we identified the residues that undergo phosphorylation in 
Pex30. Further, we demonstrated that this post-translational 
modification of the protein is not needed for its expression 
and localization to peroxisomes and ER. Interestingly, the 
phosphomimetic variants of the protein exhibit significant 
reduction in the number of peroxisomes. Our data highlight 
the role of Pex30 in the regulation of peroxisome number.

Materials and methods

Yeast strains and plasmids

The plasmids and primers used in this study are listed 
in Tables 1, 2. The Pex30 gene was amplified using the 
primer pair pr-NMD001 and pr-NMD002 and S. cerevi-
siae BY4742 genomic DNA as a template. The ampli-
fied product was then fused to GFP at the C-terminus 
and expressed under the MET25 promoter of the pUG35 
vector. The resulting construct was verified by sequenc-
ing and then transformed into BY4742 pex30∆ by lith-
ium acetate (LiAc) method (Gietz and Sugino 1988). 
All strains used are isogenic to BY4742 (MATα his3∆1 
leu2∆0 lys2∆0 ura3∆0) and are listed in Table 3. pex30∆ 
was obtained from the gene deletion library (Dharma-
con). For colocalization experiments, plasmid pSM1959 
and pUG34DsRed.SKL was used to mark ER and 

Table 1  Plasmids used in this study

Plasmid Description Source

pUG35GFP PMET25GFP;  ampR; Sc-URA 3 From Prof. Johannes Hegemann
pUG35-Pex30-GFP (pNMD001) PMET25Pex30 GFP;  ampR; Sc-URA 3 This study
pUG34-DsRed.SKL PMET25DsRed.SKL;  ampR; Sc-HIS3 (Kuravi et al. 2006)
pSM1959 Sec63 mRFP;  ampR; Sc-LEU2 Addgene plasmid 41837 

(Metzger et al. 2008)
pUG35-Pex30 T60AS61AGFP (pNMD0012) PMET25Pex30T60AS61A GFP;  ampR; Sc-URA 3 This study
pUG35-Pex30 S511AGFP (pNMD013) PMET25Pex30 S511AGFP;  ampR; Sc-URA 3 This study
pUG35-Pex30 T60AS61AS511AGFP (pNMD0014) PMET25Pex30 T60AS61AS511AGFP;  ampR; Sc-URA 3 This study
pUG35-Pex30 T60DS61DGFP (pNMD0015) PMET25Pex30T60DS61DGFP;  ampR; Sc-URA 3 This study
pUG35-Pex30 S511DGFP (pNMD016) PMET25Pex30 S511DGFP;  ampR; Sc-URA 3 This study
pUG35-Pex30 T60DS61DS511DGFP (pNMD0017) PMET25Pex30 T60DS61DS511DGFP;  ampR; Sc-URA 3 This study



575Molecular Genetics and Genomics (2022) 297:573–590 

1 3

peroxisomes, respectively. Plasmid pSM1959 enables the 
expression of Sec63-mRFP (Addgene plasmid ID: 41837, 
(Metzger et al. 2008)) and plasmid pUG34DsRed.SKL 
enables MET25-driven expression of DsRed.SKL (Kuravi 
et al. 2006).  

Growth conditions

S. cerevisiae cells were grown in (1) complete media con-
taining 1% yeast extract, 2% bacteriological peptone and 1% 
glucose, (2) selective media (YND) containing 0.17% yeast 

Table 2  Primers used in this 
study

Primer Sequence

pr-NMD001 5'-TGC TCT AGA ATG AGT GGT AAC ACA ACT AAC G-3'
pr-NMD002 5'-TCC CCC CGG GTA CGG CCT TCT TGC TATCG-3'
pr-NMD023 5'-GAA AGT TAA CGT AGC TGC AGC GCC GCT TTT GAC ATC -3'
pr-NMD024 5'-GAT GTC AAA AGC GGC GCT GCA GCT ACG TTA ACT TTC -3'
pr-NMD025 5'-GAA GAG AAA GAG CAA GCA AAT CCA ACA ATT GGT CGC GAT AGC -3'
pr-NMD026 5'-GCT ATC GCG ACC AAT TGT TGG ATT TGC TTG CTC TTT CTC TTC -3'
pr-NMD027 5'-GGT CAT TGG AGA AAG TTA ATG TAG CTG ATG ATC CGC TTT TGA CATCA-3'
pr-NMD028 5'-TGA TGT CAA AAG CGG ATC ATC AGC TAC ATT AAC TTT CTC CAA TGACC-3'
pr-NMD029 5'-GAA GAG AAA GAG CAA GAT AAT CCA ACA ATT GGT CGC GAT AGC -3'
pr-NMD030 5'-GCT ATC GCG ACC AAT TGT TGG ATT ATC TTG CTC TTT CTC TTC -3'

Table 3  S. cerevisiae strains used in this study

Strain Description Source

BY4742 WT MATα his3∆ leu2∆ lys∆ ura3∆ Dharmacon
BY4742 pex30∆ MATα his3∆ leu2∆ lys∆ ura3∆ pex30∆ Dharmacon
Y258::Pex30-His-HA MATα pep4-3 his4-580 leu2-3112. URA3::Pex30-His-HA Dharmacon
BY4742 pex30∆ Pex30-GFP BY4742 pex30∆. URA3::PMET25Pex30-GFP This study
BY4742 pex30∆ Pex30-GFP DsRed.SKL BY4742 pex30∆. URA3::PMET25Pex30-GFP.HIS: DsRed.SKL This study
BY4742 pex30∆ Pex30-GFP Sec63-mRFP BY4742 pex30∆. URA3::PMET25Pex30-GFP.LEU: Sec63-mRFP This study
BY4742 pex30∆  Pex30T60AS61A-GFP BY4742 pex30∆. URA3::PMET25Pex30T60AS61GFP This study
BY4742 pex30∆  Pex30S511A-GFP BY4742 pex30∆. URA3::PMET25Pex30 S511AGFP This study
BY4742 pex30∆  Pex30T60AS61AS511A-GFP BY4742 pex30∆. URA3::PMET25Pex30T60AS61AS511AGFP This study
BY4742 pex30∆  Pex30T60AS61A-GFP DsRed.SKL BY4742 pex30∆. URA3::PMET25Pex30T60AS61AGFP.HIS: DsRed.SKL This study
BY4742 pex30∆  Pex30S511A-GFP DsRed.SKL BY4742 pex30∆. URA3::PMET25Pex30S511AGFP.HIS: DsRed.SKL This study
BY4742 pex30∆  Pex30T60AS61AS511A-GFP DsRed.SKL BY4742 pex30∆. URA3::PMET25Pex30T60AS61AS511AGFP.HIS: DsRed.SKL This study
BY4742 pex30∆  Pex30T60AS61A-GFP Sec63-mRFP BY4742 pex30∆. URA3::PMET25Pex30T60AS61AGFP. LEU: Sec63-mRFP This study
BY4742 pex30∆  Pex30S511A-GFP Sec63-mRFP BY4742 pex30∆. URA3::PMET25Pex30S511AGFP. LEU: Sec63-mRFP This study
BY4742 pex30∆  Pex30T60AS61AS511A-GFP Sec63-mRFP BY4742 pex30∆. URA3::PMET25Pex30T60AS61AS511AGFP. LEU: Sec63-

mRFP
This study

BY4742 pex30∆  Pex30T60DS61D-GFP BY4742 pex30∆. URA3::PMET25Pex30T60DS61DGFP This study
BY4742 pex30∆  Pex30S511D-GFP BY4742 pex30∆. URA3::PMET25Pex30 S511DGFP This study
BY4742 pex30∆  Pex30T60DS61DS511D-GFP BY4742 pex30∆. URA3::PMET25Pex30T60DS61DS511DGFP This study
BY4742 pex30∆  Pex30T60DS61D-GFP DsRed.SKL BY4742 pex30∆. URA3::PMET25Pex30T60DS61DGFP.HIS: DsRed.SKL This study
BY4742 pex30∆  Pex30S511D-GFP DsRed.SKL BY4742 pex30∆. URA3::PMET25Pex30S511DGFP.HIS: DsRed.SKL This study
BY4742 pex30∆  Pex30T60DS61DS511D-GFP DsRed.SKL BY4742 pex30∆. URA3::PMET25Pex30T60DS61DS511DGFP.HIS: DsRed.SKL This study
BY4742 pex30∆  Pex30T60DS61D-GFP Sec63-mRFP BY4742 pex30∆. URA3::PMET25Pex30T60DS61DGFP. LEU: Sec63-mRFP This study
BY4742 pex30∆  Pex30S511D-GFP Sec63-mRFP BY4742 pex30∆. URA3::PMET25Pex30S511DGFP. LEU: Sec63-mRFP This study
BY4742 pex30∆  Pex30T60DS61DS511D-GFP Sec63-mRFP BY4742 pex30∆. URA3::PMET25Pex30T60DS61DS511DGFP. LEU: Sec63-

mRFP
This study



576 Molecular Genetics and Genomics (2022) 297:573–590

1 3

nitrogen base without amino acids, 0.5% ammonium sulfate, 
2% glucose and pH adjusted to 6.0. Whenever necessary, 
media was supplemented with leucine (3 mg/ml), lysine 
(10 mg/ml) and histidine (10 mg/ml) (Kuravi et al. 2006). 
For growth on plates, 2% agar was added to the media. In 
brief, cells were grown at 30 °C and 200 rpm overnight and 
shifted to fresh medium and subsequently grown at 30 °C 
till they reached exponential growth phase. Cells were fur-
ther shifted to fresh medium two times. All microscopic 
experiments were performed by analyzing exponentially 
growing cells. To induce peroxisomes, cells were grown in 
oleic acid-containing media (OA) media consisting of 0.17% 
yeast nitrogen base without amino acids, 0.5% ammonium 
sulfate, 0.1% glucose, 0.1% yeast extract, 0.1% oleic acid, 
0.05% Tween-80 and pH adjusted to 6.0. Cells were cultured 
for a minimum of 8 h and subsequently analyzed.

Purification of His‑tagged Pex30

S. cerevisiae cells expressing Pex30 tagged to hexa-histidine 
at its C-terminus under the control of an inducible galac-
tose promoter were cultured in YND liquid medium sup-
plemented with isoleucine (30 mg/L), valine (150 mg/L), 
arginine (20 mg/L), adenine (20 mg/L), histidine (20 mg/L), 
leucine (30 mg/L), lysine (30 mg/L), methionine (20 mg/L), 
phenylalanine (50 mg/L), tryptophan (20 mg/L) and tyros-
ine (30 mg/L). Cells were grown at 30 °C and 200 rpm 
overnight and were subsequently shifted to a fresh medium 
containing 2% raffinose. These cells were cultured till 1.2 
 OD600 units in raffinose media after which 3 × yeast extract-
peptone (YP) with 6% galactose was added to the media 
(final culture volume of 750 ml) and incubated for 6 h in 
growth conditions as per instructions provided in Yeast ORF 
collection manual (https:// horiz ondis covery. com/-/ media/ 
Files/ Horiz on/ resou rces/ Techn ical- manua ls/ yeast- orf- colle 
ction- manual. pdf). The induced cells were then harvested by 
centrifugation at 10,000 rpm for 10 min and subsequently, 
the pellet was resuspended in lysis buffer with protease 
and phosphatase inhibitors (50 mM Tris–HCl (pH 7.5), 
300 mM NaCl, 0.1% Triton X-100, 0.1% β-mercaptoethanol, 
1 mM PMSF, 1 × protease inhibitor cocktail without EDTA 
[Sigma-Aldrich] and 1 × phosphatase inhibitor cocktail 
[Sigma-Aldrich]) (Smaczynska-de Rooij Iwona et al. 2016). 
The resuspended cells were transferred to a screw-capped 
microcentrifuge tube to which zirconia beads correspond-
ing to 1/3rd volume of the cell suspension were added. The 
cells were disrupted by vortexing for 15–20 cycles of 30 s 
beating and 1 min rest (for cooling). The cell lysate was 
subjected to mild centrifugation at 2000 rpm, 4 °C for 5 min. 
The supernatant was collected and mixed with Ni–NTA-
charged resin pre-calibrated with equilibration buffer con-
taining 30 mM imidazole. The matrix-bound His-conjugated 
Pex30 protein was eluted with two different concentrations 

of imidazole viz. 300 and 500 mM. Stringent washing of the 
column with 40, 60 and 80 mM imidazole concentrations 
was performed prior to elution. The eluted samples were run 
on a conventional 10% sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (SDS-PAGE) gel and stained with 
Coomassie brilliant blue G-250 and the purified Pex30 band 
was excised for mass spectrometry (MS) analysis. The MS 
analysis was performed by the Proteomics Facility, Institute 
of Bioinformatics (IOB), Bangalore, India.

Circular dichroism spectroscopy

The eluted protein samples were pooled and desalted in 
20 mM phosphate buffer using PD10 columns (GE health-
care) according to manufacturer’s instructions prior to cir-
cular dichroism (CD) spectroscopy. Far-ultraviolet (UV) 
CD spectroscopy was performed to analyze the secondary 
structure of Pex30 as described previously (Haridhasapava-
lan et al. 2021). Briefly, J-1500 spectropolarimeter (Jasco, 
Japan) equipped with a thermoelectric cooling-based tem-
perature control unit was used under continuous nitrogen 
purging. The far-UV CD spectrum was recorded from 260 
to 190 nm wavelength at a scan rate of 100 nm/min with a 
data integration time of 1 s. The spectrum was determined 
as an average of ten accumulations in a quartz cuvette of 
pathlength 0.1 cm. The phosphate buffer in which the protein 
was desalted, was used as a blank for background subtrac-
tion and the resulting spectrum was analyzed using BeStSel 
online tool (Micsonai et al. 2015, 2018).

Mass spectrometry (MS)

In‑gel digestion

The excised gel fragment was subjected to a destain-
ing solution of 40 mM ammonium bicarbonate (Sigma-
Aldrich) and 40% (v/v) acetonitrile (Merck Millipore). 
Once the gel fragments were completely destained, 
0.5 ml of 100% acetonitrile was added and incubated for 
10–15 min until the gel slice shrunk and became opaque. 
After destaining, a reduction solution of 5 mM dithiothrei-
tol (Sigma-Aldrich) in ammonium bicarbonate was added 
to the gel fragment and incubated at 60 °C for 30 min. 
This was followed by incubation of the gel fragment in an 
alkylation solution consisting of 20 mM iodoacetamide 
(Sigma-Aldrich) in 40 mM ammonium bicarbonate for 
10 min at room temperature in the dark. The gel frag-
ment was then dehydrated in 100% acetonitrile solution 
followed by digestion with trypsin (Promega) overnight 
at 37  °C. Following overnight digestion, the peptides 
were extracted using an extraction buffer consisting of 5% 
formic acid (Merck Millipore) and 40% acetonitrile. The 

https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/yeast-orf-collection-manual.pdf
https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/yeast-orf-collection-manual.pdf
https://horizondiscovery.com/-/media/Files/Horizon/resources/Technical-manuals/yeast-orf-collection-manual.pdf
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final peptide extraction was performed in 100% acetoni-
trile solution, followed by subjecting the pooled extract to 
vacuum-dry in a SpeedVac.

LC–MS/MS analysis

Reconstitution of the dried peptides was performed in 
0.1% formic acid. The reconstituted peptides were then 
analyzed using Orbitrap Fusion Tribrid™ (Thermo Sci-
entific™, Bremen, Germany) mass spectrometer coupled 
with Proxeon Easy nLC system (Thermo Scientific™, 
Bremen, Germany). Peptide enrichment was achieved 
by allowing the protein fragments to pass through at a 
flow rate of 3  µL/min on to an Acclaim™ PepMap™ 
trap column (2 cm × 75 µm, Magic  C18AQ, 5 µm, 100 Å, 
Michrom Biosciences Inc.). Peptides were separated on an 
analytical column (10 cm × 75 µm, Magic  C18AQ, 3 µm, 
100 Å, Mi-chrom Biosciences Inc.) at a flow rate of 350 
nL/min employing a linear gradient of 5–32% acetonitrile 
for 40 min with a total run time of 60 min. MS and MS/
MS scan acquisitions were executed in the Orbitrap mass 
analyzer at a mass resolution of 120,000 and 15,000 at 
200 m/z, respectively. MS spectra were acquired in a data-
dependent manner targeting the twenty most abundant ions 
with charge state ≥ 2 in each survey scan in the m/z range 
of 350–1600. Fragmentation was carried out using higher-
energy collisional dissociation mode with normalized 
collision energy of 34. Isolation width was set to 1.6 m/z 
with 0.5 m/z offset. Precursor ions selected for MS/MS 
fragmentation were dynamically excluded for 30 s. The 
automatic gain control for full MS and MS/MS was set to 
4 ×  105 and 1 ×  105 ions, respectively. The maximum ion 
injection time for full MS and MS/MS was set to 50 ms 
and 75 ms, respectively. Internal calibration was carried 
out by enabling lock mass option using polydimethylcy-
closiloxane (m/z, 445.1200025) ions (Olsen et al. 2005).

Data analysis

The mass spectrometry data were searched against Sac-
charomyces genome database and analyzed using Mascot 
(version 2.2.0, Matrix Science, London, UK) and Seques-
tHT algorithm and Proteome Discoverer software (Version 
1.4.0.288, Thermo Fisher Scientific). The analyzing criteria 
were set as oxidation of methionine and phosphorylation 
modification of serine, threonine and tyrosine as variable 
modifications and carbamidomethyl modification of cysteine 
as fixed modification. A 10 ppm of precursor mass tolerance, 
0.02 Da of fragment mass tolerance and a maximum of two 

missed cleavages were allowed. The spectral match hits were 
screened with 1% false discovery rate at the peptide level.

Phosphatase treatment and Phos‑tag SDS‑PAGE

The purified Pex30 was treated with three units of calf 
intestinal alkaline phosphatase (CIAP) (Promega) and 
incubated at 37 °C for 30 min. Elution fractions of Pex30 
without CIAP were taken as control. Proteins from the 
above enzymatic reactions were separated using a 10% 
SDS-PAGE with the addition of 50 μM Phos-tag (Wako 
Chemicals) and 100  μM  MnCl2 in the resolving gel 
(Kinoshita et al. 2009). Electrophoretic separation was 
carried out at 80 V for 4 h. After electrophoresis, the gel 
was soaked with gentle agitation first in transfer buffer 
(25 mM Tris, 192 mM glycine, 10% methanol, pH 8.3) 
with 1 mM EDTA for 10 min, and subsequently with trans-
fer buffer without EDTA. Proteins were transferred onto a 
nitrocellulose membrane at 20 V for 30 min.

Western blotting

For protein expression studies, cells corresponding to 3 
 OD600 units of each strain were lysed by trichloroacetic 
acid method and this crude yeast extract was used for SDS-
PAGE (Baerends et al. 2000). Briefly, cell pellet from cul-
ture corresponding to 3  OD600 units was resuspended in 
50% TCA and incubated for 30 min at − 80 °C. The cells 
were then washed twice with ice-cold 80% acetone. After 
air-drying the pellet at room temperature, the pellet was 
finally dissolved in 1% SDS/0.1 N sodium hydroxide solu-
tion. Lowry’s method of protein estimation was used to 
estimate the amount of protein and an equal amount of 
protein was loaded onto each well (Lowry et al. 1951). 
The gels were run at a constant voltage of 130 V and 
transferred onto nitrocellulose membrane using Bio-Rad 
Trans-Blot®Turbo™. The membrane was first incubated 
with a blocking solution (5% skimmed milk) at room 
temperature for 2 h. The blots were probed with rabbit 
anti-GFP polyclonal antibody (1:5000) (Biobharti Life 
Science, Kolkata, India) and incubated overnight at 4 °C. 
For detection of His-tagged protein, blots were probed 
with an anti-his polyclonal antibody (1:5000) (Biobharti 
Life Science, Kolkata, India). Detection of GAPDH and 
β-actin were done by probing the blot with anti-GAPDH 
(1:5000) (Biobharti Life Science, Kolkata, India) and anti-
β-actin polyclonal antibody (1:5000) (Invitrogen, Thermo 
Fisher Scientific, US). Goat anti-rabbit IgG (1:5000) or 
anti-mouse IgG (1:5000) conjugated to horseradish peroxi-
dase (Invitrogen, Thermo Fisher Scientific, US) was used 
as secondary antibody for detection. Blots were developed 
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using Bio-Rad ECL substrate and captured using the Bio-
Rad ChemiDoc™ XRS + system.

Site‑directed mutagenesis

To generate non-phosphorylatable variants of Pex30, tar-
geted mutations were introduced by following a two-stage 
PCR method using the Pfu Turbo DNA polymerase (Agi-
lent Technologies, USA) as described by Wang and Mal-
com (Wang and Malcolm 1999). Briefly, the stage-1 PCR 
involves two separate extension reactions performed in two 
separate tubes, one containing the forward primer and the 
other containing the reverse primer. A 20 ng template plas-
mid DNA was amplified by the following thermal cycler 
conditions: 2 min, 95 °C initial denaturation; 30 s, 95 °C 
denaturation step; 30 s, 60 °C, 62 °C and 65 °C annealing 
step followed by 16 min extension step. The two independ-
ent reactions were performed for 10 cycles. Subsequently, 
the two reactions were mixed and further amplification was 
performed for another 20 cycles. Finally, the terminal exten-
sion was performed for 10 min, 72 °C. Primers and template 
DNA used for generation of the plasmids carrying desired 
mutations is given in Table 4. The resulting plasmids con-
taining phosphomimetic and non-phosphorylatable vari-
ants of Pex30 were confirmed by restriction digestion using 
specific restriction enzymes followed by DNA sequencing 
analysis. All the obtained plasmids were then separately 
transformed into pex30∆ S. cerevisiae cells by lithium-ace-
tate transformation method and the recombinant clones were 
selected (Gietz and Sugino 1988).

Fluorescence microscopy

Fluorescence microscopy experiments were performed 
using an Olympus IX83 inverted microscope equipped with 
DP80 camera. A Plan-APOCHROMAT 100x/1.4 objective 

was used for image acquisition. Samples were illumi-
nated using pE-300whiteCoolLED light source and GFP 
was visualized using U-FBNA filter with excitation range: 
470–495 nm, dichroic: 505 nm and emission: 510–550 nm. 
RFP was visualized using a brightline triple-bandpass fil-
ter 378/474/575 nm (Semrock) with dichroic beamsplitter 
409/493/596 nm (Semrock). All images were captured at 
room temperature and processed using Cellsens software 
(version 2.3). For co-localization experiments, cells were 
fixed with 4% formaldehyde in phosphate-buffered saline, 
pH 7.4 (PBS) for 30 min on ice. The z axis stacks were 
obtained starting from top to bottom of yeast cells with the 
stacks spaced 0.3 μm apart. The final images were assembled 
in Adobe Photoshop 7.0. Individual cells in the images were 
marked by using the “multi-point” tool of ImageJ for quan-
tification. Quantification of the number of peroxisomes was 
done by counting peroxisomes in 40 random non-budding 
yeast cells from each experiment. Two independent experi-
ments were considered for the analysis.

Statistical analysis

Quantitative analysis was performed from at least two inde-
pendent biological experiments. Student’s t test or two-way 
analysis of variance (ANOVA) was used for multiple com-
parisons. Error bar indicates the mean ± SEM. Values of 
P < 0.05 were considered significant (*), P < 0.01 very sig-
nificant (**) and P < 0.001 extremely significant (***). The 
data were analyzed using GraphPad prism 8.2.4.

Results

Expression of Pex30 differs in media containing 
glucose and oleic acid as carbon source

Peroxisomes are involved in the β-oxidation of fatty acids, 
and therefore, the function of these organelles can be studied 
in media containing OA as a carbon source (Kunau et al. 
1995; Poirier et al. 2006; Deb and Nagotu 2017). As it was 
reported in previous studies that the association between 
Pex30 and peroxisomes differs in glucose and OA media 
(Mast et al. 2016), we sought to analyze the expression of 
Pex30 in both peroxisome non-inducing (YND) and induc-
ing growth conditions (OA). The Pex30-GFP construct was 
transformed into pex30∆ cells and subsequently expression 
was examined by fluorescence microscopy and western blot-
ting. Interestingly, microscopic analysis revealed a difference 
in the phenotype of Pex30-GFP in cells grown in YND and 
OA media. Reticulate distribution of GFP around the cell 
periphery along with discrete GFP puncta was observed in 
almost all the cells cultured in YND media. On the other 
hand, cells grown in OA medium exhibited two distinct 

Table 4  Primers and template DNA used for site-directed mutagen-
esis

Plasmid Mutation Primer pair Template

pNMD012 T60AS61A pr-NMD023 pr-
NMD024

pNMD001

pNMD013 S511A pr-NMD025 pr-
NMD026

pNMD001

pNMD014 T60AS61AS511A pr-NMD025 pr-
NMD026

pNMD012

pNMD015 T60DS61D pr-NMD027 pr-
NMD028

pNMD001

pNMD016 S511D pr-NMD029 pr-
NMD030

pNMD001

pNMD017 T60DS61DS511D pr-NMD029 pr-
NMD030

pNMD015
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phenotypes viz. only reticulate and both reticulate and punc-
tate phenotype (Fig. 1A). Quantitative data showed a signifi-
cant increase in the number of cells exhibiting only reticu-
late phenotype in OA cultured cells when compared to cells 
grown in YND (Fig. 1A). Sixty random cells were counted 
from fluorescence images taken of cells grown in YND and 
OA from two independent experiments. The percentage of 
cells exhibiting only reticulate phenotype was 5% in YND 
media as compared to 72% in OA (Fig. 1A). Our observation 
is in line with studies that reported ER localization of Pex30 
in cells grown in OA (David et al. 2013). Furthermore, the 
expression of Pex30 in YND and OA was analyzed by west-
ern blotting using α-GFP antibody (Fig. 1B). Quantification 
analysis of the α-GFP probed band showed reduced expres-
sion levels of Pex30 in OA. To understand if this altered 
expression level has any effect on the growth of the cells, 
WT, pex30∆ and pex30∆ expressing Pex30-GFP were ana-
lyzed for their growth kinetics (Fig. 1C). The doubling time 
of WT (1.22 h in YND and 4.68 h in OA) pex30∆ (1.33 h in 

YND and 4.77 h in OA) and pex30∆ expressing Pex30-GFP 
(1.32 h in YND and 5.17 h in OA) did not alter significantly 
(Fig. 1C).

Purified Pex30 retained its secondary structure

In order to investigate the phosphorylation state of Pex30 
and the potential effect of this PTM on the protein, purifica-
tion of Pex30 was performed by immobilized metal ion affin-
ity chromatography (IMAC). S. cerevisiae cells expressing 
His-tagged Pex30 under the control of an inducible galac-
tose promoter were initially cultured in media containing 
glucose and raffinose as carbon source. Subsequently, the 
expression of Pex30 was induced by exposing the cells in 
raffinose-containing medium to a galactose pulse for 6 h. 
Protein expression was further confirmed by western blot-
ting using α-His antibody (Fig. 2A). Both SDS-PAGE and 
western blotting analysis with α-His antibody indicates that 

Fig. 1  Expression analysis of GFP tagged Pex30 and its effect on 
the growth of pex30∆ cells. A Fluorescence microscopy images 
of pex30∆ cells expressing Pex30-GFP cultured in YND and OA 
medium are depicted. Quantitative analysis of the expression pheno-
type in YND and OA cultured cells is represented as bar diagrams. 
Sixty cells were analyzed from each experiment and error bars indi-
cate the SEM from two independent experiments. The significance of 
the difference between the observed phenotypes was assessed using 
student’s t test. Values of p < 0.01 were considered as significant (**). 
B Whole cell lysates equivalent to 3  OD600 were resolved in a 10% 
SDS-PAGE gel and protein expression was analyzed by western blot-

ting using an α-GFP antibody. The Pex30-GFP immunoblots were 
normalized with β-actin for statistical analysis and represented as bar 
diagrams. Values of p < 0.01 were considered as significant (**). C 
The effect of expression of Pex30-GFP on cell growth was assessed 
by monitoring the growth kinetics of pex30∆, pex30∆ cells express-
ing Pex30-GFP and WT cells. The growth curve was obtained by 
plotting absorbance (Y axis) against time (X axis). Error bars indicate 
SEM from two independent experiments. The doubling time of the 
strains was analyzed and the significance of the difference was deter-
mined by using two-way ANOVA (with multiple comparisons)
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Pex30 was purified without any contaminating protein bands 
(Fig. 2B).

Experimental data deciphering the secondary structure 
of Pex30 has not been reported yet. To explore the possi-
bility of determining the secondary structure of Pex30, the 
purified protein was desalted and then analyzed by far-UV 
CD spectroscopy (Fig. 2C). Previous studies have demon-
strated the utility of far-UV CD spectroscopy in the success-
ful determination of secondary structure conformations of 
proteins (Kelly et al. 2005). In far-UV CD spectroscopy, the 
acquired CD spectrum is directly associated with the folding 
conformation of the protein. The CD spectrum represents the 
different secondary structure content like α-helix, β-sheets, 
turns and random coils that depends on the magnitude and 
characteristic shape of the spectra (Kelly et al. 2005; Green-
field 2006). Typically, the CD spectrum of an α-helix shows 
negative peaks at 222 and 208 nm and a positive peak at 
193 nm (Greenfield 2006). The obtained data from the far-
UV CD spectroscopy of purified Pex30 was analyzed in 
silico by using an online tool, BeStSel, that can predict the 
folds and secondary structure content of proteins (Micsonai 
et al. 2015, 2018). Our in silico analysis indicates that the 
purified Pex30 has retained its secondary structure (Fig. 2C) 
which predominantly comprises of α-helices (51%) followed 
by a significant proportion of β-sheets (25%) and random 

coils (17%) and a minor portion of turns (7%). Recently 
a computational method that can predict 3D structures 
of proteins to near experimental accuracy was developed 
(Jumper et al. 2021). The structure of Pex30 predicted using 
this method is shown in Supplementary Fig. 1 and primar-
ily comprises of α-helices (Supplementary Fig. 1, (Jumper 
et al. 2021)).

Pex30 is phosphorylated at Thr60, Ser61 and Ser511

To gain insights into the phosphorylated state of Pex30, 
a fraction of the obtained Pex30 eluate from purification 
was treated with CIAP. The mobility of the CIAP treated 
sample was analyzed in comparison to the untreated sam-
ple in a phos-tag SDS-PAGE gel. A phos-tag is a gel addi-
tive that selectively binds to the phosphate groups present 
in a protein molecule and thereby produces a shift in the 
electrophoretic mobility making it easier for the PTM to 
be detected in an SDS-PAGE (Kinoshita et al. 2009). The 
sample incubated with phosphatase (+ CIAP) was observed 
to have slightly increased migration indicating the removal 
of phosphate groups from the protein (Fig. 3A, lower panel) 
whereas no difference in migration patterns of the CIAP 
treated (+ CIAP) and untreated (-CIAP) protein samples 

Fig. 2  Expression and structural characterization of His-tagged 
Pex30. A Cells pre-cultured in YND media were subsequently cul-
tured in raffinose followed by induction of the Pex30-His-HA cas-
sette by the addition of galactose. The induced cells were then har-
vested and lysed using zirconia beads. Protein concentrations were 
measured by the Bradford protein estimation method and GAPDH 
was used as a loading control. Samples were run on a 10% SDS-
PAGE gel and protein expression was confirmed by western blotting 
using α-His antibody. B represents affinity purification of galactose-
induced Pex30 protein under native conditions. Coomassie-stained 

10% SDS-PAGE gel depicting purification of His-tagged Pex30 and 
was confirmed by western blotting using an α-His antibody. M protein 
marker (kDa), WCE whole cell extracts, FT flow through, W wash, 
E elution. C Secondary structure determination of Pex30. The puri-
fied Pex30 protein was subjected to a desalting column pre-calibrated 
with 20 mM PB. The desalted protein eluted in PB was then analyzed 
via far-UV CD spectroscopy followed by in-silico analysis using the 
BeStSel online tool. The CD spectrum for Pex30 was obtained by 
plotting the wavelength (nm; X axis) against delta epsilon (Y axis)
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were observed in a conventional SDS-PAGE gel (Fig. 3A, 
upper panel).

To further identify the phosphorylation sites, mass spec-
trometry was performed on the purified Pex30. Efficient 
sequence coverage of ~ 54% was obtained for Pex30 and this 
included 16 phosphorylation sites reported earlier. However, 
only two different peptides exhibited a ppm of − 0.1 and 
− 0.63 that indicates the presence of additional PTM moiety 
when compared to the predicted molecular mass for the pep-
tides. Out of the three sites that we have identified with high 
confidence Thr60, Ser61 have been reported in phosphopro-
teome studies (Albuquerque et al. 2008; Lanz et al. 2021) 
and Ser511 has not been reported earlier. The sites with 
PEP < 0.01 were identified to be phosphorylated (Fig. 3B, 
C). Further we analyzed if the identified sites are conserved 
in various yeast species by multiple sequence alignment 

using Clustal Omega (Sievers et al. 2011). Of the identified 
sites, Thr60 is conserved in S. cerevisiae and Komagataella 
phaffii whereas Ser61 is conserved in S. cerevisiae, Yarrowia 
lipolytica and Ogataea polymorpha (Fig. 3D). Thus phos-tag 
SDS-PAGE and MS analysis data provide evidence for the 
phosphorylation of Pex30 in vivo.

Mutation of the identified phosphorylated residues 
to non‑phosphorylatable or phosphomimetic 
variants does not alter the expression of the protein 
and growth of cells

To explore the functional significance of the identified phos-
phorylation of Pex30, mutant variants of the protein were 
generated by exchanging the threonine and serine residues 
with non-phosphorylatable alanine (A) or phosphomimetic 

Fig. 3  Pex30 is phosphorylated at three residues in  vivo A His-
tagged Pex30 expressed from inducible galactose promoter was affin-
ity purified by the use of Ni/NTA resin and the protein was eluted 
in tris buffer (pH 7.5). Proteins from CIAP treated and untreated 
samples were analyzed both by conventional SDS-PAGE and phos-
tag SDS-PAGE followed by immunoblotting with α-GFP antibody. 
B Representative MS/MS spectrum depicting phosphorylation of 
Pex30 at Thr60 (VNVAtSPLLTSTPPTISK; m/z 953.500; MH + : 
1905.99309 Da; z =  + 2). C Schematic representation of Pex30 indi-
cating the position of the identified phosphorylation sites. RHD, 
reticulon homology domain was predicted by using HH-pred (Hilde-
brand et  al. 2009). DysfN/DysfC, N-terminal dysferlin domain and 

C-terminal dysferlin domain are represented according to Simple 
Modular Architecture Research Tool (SMART, ID: SM00693 and 
SM00694). This is taken from Saccharomyces Genome Database, 
SGD  (https:// www. yeast genome. org). D Sequence alignment of S. 
cerevisiae Pex30 with its homologues in Y. lipolytica (Pex23), K. 
phaffii (Pex30) and O. polymorpha (Pex23) illustrating the position 
of the phosphorylated residues identified in this study. Amino acid 
residues of S. cerevisiae Pex30 highlighted in red indicates the identi-
fied phosphorylated residues; the conserved phosphorylated residues 
in other yeast species are also marked in red. Amino acids highlighted 
in green indicates the presence of residues that are phosphorylatable 
but not conserved

https://www.yeastgenome.org
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aspartic acid (D). Due to the close proximity of the resi-
dues Thr60 and Ser61, we generated a variant in which both 
the phosphorylated sites were changed. Ser511 was also 
changed to either A or D to create a single mutant variant 
of the protein. Moreover, a mutant strain with all the three 
identified sites exchanged with A or D was also generated. 

The confirmation of all the mutant variants of Pex30 was 
achieved by restriction digestion with specific enzymes 
(Fig. 4A, C) and DNA sequencing of the constructs (Fig. 4B, 
D). The mutant variants were then introduced into pex30∆ 
cells. The protein expression levels of the mutants were ana-
lyzed and compared to that of the WT protein via western 

Fig. 4  Site-directed mutagenesis and expression of the mutant vari-
ants A represents agarose gel images showing restriction digestion 
profiles to confirm the presence of PCR amplified clones carrying the 
non-phosphorylatable mutation (left). Site-directed mutagenesis was 
performed by changing the phospho-sites to non-phosphorylatable 
alanine. B The mutations were further confirmed by sequencing anal-
ysis. The solid line boxes indicate the desired mutations and the dot-
ted boxes denotes alteration in nucleotide without changing the amino 
acid to generate a unique restriction site for screening of mutants. 
Boxes in both solid and dotted line denote the formation of unique 
restriction sites while generating mutations in the phosphorylated 
residues. C and D represent restriction digestion (left) and sequencing 
analysis (right) performed to screen and confirm the mutants in which 
the phospho-sites were exchanged with the amino acid aspartate to 
generate phosphomimetic variants of Pex30. E represents expres-
sion analysis of the non-phosphorylatable mutants grown in YND 
and OA medium. Whole cell lysates corresponding to 3  OD600 units 
were resolved by SDS-PAGE and probed with α-GFP antibody. For 

quantitative analysis, the GFP blots were normalized with β-actin as a 
loading control and represented as bar diagrams. The error bars indi-
cate SEM obtained from two independent experiments (right). A two-
way ANOVA with multiple comparisons was used to determine the 
significance of difference between the expression levels of WT Pex30 
and the non-phosphorylatable mutants. Values of P < 0.05 were con-
sidered significant (*) and P < 0.01 very significant (**). F depicts 
expression analysis of the phosphomimetic mutants. 3  OD600 units of 
whole cell lysates were separated by using SDS-PAGE followed by 
western blotting with α-GFP antibody (left). Quantitative analysis of 
the immunoblots was performed by normalizing with GAPDH (load-
ing control) and represented as bar diagrams. Error bars denote SEM 
obtained from two independent experiments (right). The significance 
of the difference between the expression levels of WT Pex30 and the 
phosphomimetic mutants were statistically determined by using two-
way ANOVA (with multiple comparisons). Values of P < 0.05 were 
considered significant (*) and P < 0.01 very significant (**)
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blotting using an α-GFP antibody (Fig. 4E, F). The change 
in protein expression levels was quantified and is represented 
as a fold change in expression. In cells cultured in the YND 
medium, the non-phosphorylatable mutants exhibited signif-
icant increase in protein expression in comparison to the WT 
protein whereas in OA growth conditions, reduced protein 
expression was observed in cells bearing T60AS61AS511A 
mutation (Fig. 4E). In addition, protein expression levels of 
the phosphomimetic mutants were unaltered in YND but 
cells bearing S511D and T60DS61DS511D mutations dis-
played a significant reduction in protein expression in OA 
(Fig. 4F). Strikingly, a small shift in the band of the phos-
phomimetic mutants was observed in comparison to WT in 
both YND and OA (Fig. 4F). This change could be due to the 

change of the overall charge which may affect the electro-
phoretic mobility of the protein and probable conformational 
changes in the native structure of Pex30 due to amino acid 
substitution resulting in a small increase in molecular weight 
(Fig. 4E). Similar decreased electrophoretic mobility upon 
substitution of aspartate with serine was also reported earlier 
(Léger et al. 1997). This distinct band shift was not observed 
in the non-phosphorylatable mutants.

Fluorescence microscopy analysis revealed no significant 
difference between the distribution and expression of the 
mutant variants and WT protein (Fig. 1A). Cells expressing 
both the non-phosphorylatable and phosphomimetic mutant 
variants exhibited the typical punctate as well as reticulate 
phenotype as exhibited by WT Pex30 when grown in YND 

Fig. 5  Microscopy analysis of cells expressing the non-phosphoryl-
atable variants of Pex30 and effect on cell growth. A Fluorescence 
microscopy images of pex30∆ cells expressing the GFP-tagged 
non-phosphorylatable variants of Pex30 (T60AS61A, S511A and 
T60AS61AS511A). Cells were grown in both YND and peroxisome 
inducing OA media incubated at 30 °C. A group of 3–4 cells exhibit-
ing GFP fluorescence from each mutant strain is represented with the 
corresponding brightfield images. Scale bar represents 5 μm. Quanti-
tative analysis of phenotype exhibited by YND and OA cultured cells 
is represented as bar diagrams. 60 cells from each experiment were 
analyzed. Error bars indicate SEM from two independent experi-

ments. The statistical significance was determined by using two-way 
ANOVA with multiple comparisons. B The effect of expression of 
the non-phosphorylatable Pex30 mutants on yeast cell growth was 
determined by plotting a growth curve. Yeast cells were cultured both 
on YND (left) and OA media (middle) and the growth kinetics was 
assessed by measuring the optical density of cells at 600 nm  (OD600) 
over the indicated time. The doubling time of the yeast strains was 
measured by calculating difference in growth rates during the expo-
nential phase (right). Error bars indicate SEM calculated from two 
independent experiments. The statistical significance was determined 
by using two-way ANOVA with multiple comparisons
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and OA media (Figs. 5A ,  6A). Quantification of fluores-
cence images of these cells also revealed a phenotype com-
parable to the cells expressing WT Pex30 in YND and OA. 
Quantitative analysis revealed that most cells grown in YND 
media exhibited punctate plus reticulate phenotype whereas 
in OA cultured cells, in addition to this, cells with only 
reticulate phenotype were also observed. The growth kinet-
ics of yeast cells transformed with the mutant variants and 
WT Pex30 was monitored. The growth rate of the mutant 
strains and doubling time did not differ significantly when 
compared to cells expressing WT Pex30 in both the growth 
conditions (Figs. 5B, 6B).

Mutations in the phosphorylation sites did not alter 
the localization of the protein

To investigate if the mutant variants exhibit altered subcellu-
lar localization, they were co-transformed with plasmids that 
specifically label peroxisomes or ER. Microscopy analysis 
revealed that the puncta-like phenotype of WT Pex30 local-
izes in close proximity to peroxisomes, and in some cells, 
the GFP puncta were observed to partially co-localize with 
peroxisomes (Fig.7 A, B). The association between Pex30 
puncta and peroxisomes was also analyzed by measuring 
the fluorescence intensity and is represented as intensity line 
profiles (Fig. 7A, B). This observation is in line with an 
earlier study by David and colleagues, where the authors 
suggest that a small portion of Pex30 targets to peroxisomes 

Fig. 6  Microscopy analysis of the cells expressing phosphomimetic 
variants of Pex30 and effect on cell growth. A Fluorescence micros-
copy images of pex30∆ cells expressing the GFP-tagged phosphomi-
metic variants of Pex30 (T60DS61D, S511D and T60DS61DS511D). 
Cells were grown in both YND and OA media. A group of 3–4 cells 
exhibiting GFP fluorescence from each mutant strain is represented 
with the corresponding brightfield images. Scale bar represents 
5  μm. Quantitative analysis of phenotype exhibited by YND and 
OA cultured cells is represented as bar diagrams. 60 cells from each 
experiment were analyzed. Error bars indicate SEM from two inde-
pendent experiments. The statistical significance was determined by 

using two-way ANOVA with multiple comparisons. B The effect of 
expression of the phosphomimetic mutants on yeast cell growth was 
determined by plotting a growth curve. Yeast cells were cultured both 
on YND (left) and OA media (middle) and the growth kinetics was 
assessed by measuring the optical density of cells at 600 nm  (OD600) 
over the indicated time. The doubling time of the yeast strains was 
measured by calculating the difference in growth rates during the 
exponential phase (right). Error bars indicate SEM calculated from 
two independent experiments. The statistical significance was deter-
mined by using two-way ANOVA with multiple comparisons
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and the accumulation of peroxisomes is juxtaposed to Pex30 
puncta (David et al. 2013). As observed in WT cells, both 
the non-phosphorylatable and phosphomimetic variants of 
Pex30 displayed similar colocalization with DsRed.SKL 
marked peroxisomes which indicates that targeting of Pex30 
was not altered in the mutant variants (Fig. 7A, B). The tar-
geting of WT Pex30 and mutant variants to ER was analyzed 
by co-expressing Sec63-mRFP. As reported earlier (David 
et al. 2013; Joshi et al. 2016), our data also indicates that the 
reticulate structure of WT Pex30 and the mutant variants 
colocalizes mostly with the cortical ER at the cell periph-
ery (Fig. 8). This suggests that phosphorylation of Pex30 at 
Thr60, Ser61 and Ser511 most likely is not involved in its 
targeting to peroxisomes and the ER.

Peroxisome phenotype in mutant variants of Pex30

To assess whether the non-phosphorylatable and phospho-
mimetic mutations influence the number of peroxisomes in 
yeast cells, we analyzed the total number of peroxisomes 

per cell in the mutant strains cultured in both YND and 
OA media (Fig. 9). Cells expressing WT Pex30 showed a 
clear induction of peroxisomes when grown in OA media 
(10.1 ± 3.4 versus 5.9 ± 2.2). In YND, cells bearing non-
phosphorylatable mutant variants of Pex30 viz. T60AS61A 
and T60AS61AS511A displayed a similar number of per-
oxisomes as in cells expressing WT Pex30 (6.15 ± 2.0 and 
5.5 ± 1.5); whereas the number of peroxisomes decreased 
in cells bearing S511A mutation (5.1 ± 2.3). Similarly, 
the phosphomimetic variants T60DS61D and T60DS-
61DS511D exhibited a peroxisome number similar to the 
WT (5.8 ± 2.5 and 5.6 ± 2.4); whereas a decrease in per-
oxisome number was observed in the S511D phosphomi-
metic mutant (4.9 ± 1.9). Upon growth in OA containing 
media, cells expressing non-phosphorylatable variants 
T60AS61A and T60AS61AS511A exhibited a similar 
number of peroxisomes (9.7 ± 3.3 and 10.5 ± 3.3) as com-
pared to cells expressing the WT version of the protein 
(10.1 ± 3.4); whereas a decrease in peroxisome number was 
observed in the S511A mutant variant (8.9 ± 2.9). Notably, 

Fig. 7  Mutant variants of Pex30 do not show altered localization to 
peroxisomes. Pex30∆ cells consisting of the GFP expressing non-
phosphorylatable and phosphomimetic variants of Pex30 was co-
transformed with a plasmid containing DsRed.SKL, which specifi-
cally targets to peroxisomes. The cells were cultured in YND media 
(A) and OA (B) and subsequently co-localization of GFP puncta with 

DsRed.SKL marked peroxisomes were analyzed by fluorescence 
microscopy. The extent of co-localization was analyzed by intensity 
profiles obtained from the regions (line) depicted in the merged panel 
and is illustrated as graphs. The fluorescence intensity of the green 
and red fluorophores was measured using ImageJ. Scale bar repre-
sents 5 μm
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in peroxisome inducing OA media, all the phosphomimetic 
variants of Pex30, i.e., T60DS61D, S511D and T60DS-
61DS511D displayed a decrease in peroxisome number 
(7.7 ± 2.8, 7.8 ± 3.2 and 7.3 ± 2.5). Hence, our data indicate 
that mutation at S511 results in decrease of peroxisome 
number in both YND and OA growth conditions. In addi-
tion, under peroxisome proliferating growth conditions, the 
phosphomimetic variants of Pex30 exhibit a negative effect 
on the proliferation of peroxisomes.

Discussion

Pex30 is an intriguing protein whose role in peroxisome 
biogenesis is not fully understood. However, convincing 
data suggest the enrichment of Pex30 at specific sites of the 

ER and a role for this in the formation of PPVs that go on 
to form mature peroxisomes (Wang et al. 2018; Joshi et al. 
2016). Interestingly, loss of Pex30 was also reported to result 
in an increase in the number of peroxisomes in S. cerevisiae 
(Vizeacoumar et al. 2004; David et al. 2013). In line with 
this David and colleagues also showed that the formation 
of peroxisomes from ER is more efficient in the absence of 
Pex30. Deletion of Pex30 in cells lacking Pex11 (reduced 
number of peroxisomes) which are blocked in peroxisome 
fission, resulted in restoration of the peroxisome number to 
WT levels (David et al. 2013). On the contrary, the rate of 
formation of new peroxisomes was reported to decrease in 
cells devoid of Pex30 (Joshi et al. 2016). The experimental 
set up used in both the above-mentioned papers may be a 
reason for this discrepancy observed.

Fig. 8  Mutant variants of 
Pex30 do not show altered 
localization to ER. Pex30∆ cells 
containing the GFP express-
ing non-phosphorylatable and 
phosphomimetic variants were 
co-transformed with the plas-
mid containing Sec63-mRFP, 
which specifically targets to 
ER. The cells were cultured in 
YND media and subsequently 
co-localization of the Pex30-
GFP with Sec63-mRFP marked 
ER was analyzed by fluores-
cence microscopy. The extent of 
co-localization was analyzed by 
intensity profiles obtained from 
the regions (line) depicted in the 
merged panel and is illustrated 
as graphs. The fluorescence 
intensity of the green and red 
fluorophores was measured 
using ImageJ. Scale bar repre-
sents 5 μm
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In this study, we have successfully expressed and puri-
fied the full-length Pex30 and structural determination using 
CD showed that the secondary structure conformation of the 
purified protein was retained. Analysis of CD data shows that 
Pex30 has predominantly α-helices followed by β-sheets. At 
the N-terminus of the protein a reticulon-homology domain 
that is predominantly α-helical has been predicted. The dys-
ferlin domain in this protein is conserved and is ubiquitously 
present in other proteins belonging to this family (Sula et al. 
2014). β-sheet structure for this domain in human dysferlin 
has been reported (Sula et al. 2014). Analysis of the Pex30 
structure obtained from AlphaFold also shows a β-sheet 
structure for this domain. Interestingly, no role for this 
domain in the interaction of the protein with Pex28, Pex29 
and Pex32 has been reported. Cells expressing Pex30 lacking 
dysferlin-domain show a peroxisome phenotype similar to 
that of pex30∆ cells (Ferreira and Carvalho 2021).

The expression of Pex30 was observed to decrease in 
cells grown in the OA medium in our study. This is unlike as 
reported earlier where the authors have used a gal inducible 
expression system (David et al. 2013). However, earlier data 
also highlighted the role of Pex30 as a negative regulator 
of peroxisomes (Vizeacoumar et al. 2004). OA is a peroxi-
some-inducing medium and reduced Pex30 may regulate this 
increase in peroxisome number. Interestingly, this reduction 
in expression was also accompanied by a change in distribu-
tion pattern of the protein to mostly reticular distribution in 
OA. However, if the reduced expression is solely responsible 
for this needs to be investigated. Increased expression of 
Pex30 in the non-phosphorylatable mutants was observed in 
YND grown cells. This could be due to altered interactions 

with proteins such as Pex28, Pex29 and Pex32. Recent study 
by Ferreira and Carvalho also reported that partial deletions 
of Pex30 RHD resulted in lower steady-state levels of Pex30 
as well as its partners Pex28, Pex29, and Pex32 (Ferreira 
and Carvalho 2021). It can be envisaged that the mutations 
may change interactions of the protein and thereby stabi-
lize the protein and result in increased expression. Whole 
proteome studies have identified several residues that are 
most likely sites for phosphorylation. In this work we have 
shown that S. cerevisiae Pex30 is phosphorylated at three 
residues Thr60, Ser61 and Ser511. Thr60, Ser61 are pre-
sent in the N-terminal of the protein and Ser511 is at the 
extreme C-terminus of the protein. Out of the three residues 
identified to be phosphorylated Ser511 is unique to S. cer-
evisiae. Interestingly, the number of Pex30 protein family 
members and the effect of lack of these proteins varies in 
different yeast species. Paralogs of Pex30 are identified in 
S. cerevisiae. A role for these proteins in various routes of 
regulation of peroxisome number has been hypothesized. 
Hence, it may be hypothesized that Ser511 may be unique 
to S. cerevisiae and may be needed for its specific interac-
tions. We further replaced the identified residues with non-
phosphorylatable or phosphomimetic residues and analyzed 
for variations in protein expression, peroxisome phenotype 
and the localization of mutant variants to peroxisomes and 
ER. Our data demonstrates that both non-phosphorylatable 
and phosphomimetic variants behave similarly like the WT 
protein. This led us to conclude that phosphorylation most 
likely does not play an important role in the localization of 
the protein to peroxisomes or ER. Other cellular mechanisms 
may be needed for this targeting. Identifying the domains 

Fig. 9  Mutant variants of Pex30 exhibit altered peroxisome number. 
WT and mutant variants of Pex30 expressing the peroxisomal marker 
DsRed.SKL were analyzed for peroxisome number. For quantification 
of peroxisome number, yeast strains were cultured in both YND and 
peroxisome inducing OA media. For each yeast strain, peroxisomes 
were counted by merging the Z stack and 40 cells were counted from 

one independent experiment. The data represented is from two such 
experiments. The box and whisker plot illustrates the diversity of per-
oxisome number among the yeast strains. The red dashed line denotes 
the average (mean) number of peroxisomes in WT cells. Values of 
P < 0.05 were considered significant (*), P < 0.01 very significant 
(**) and P < 0.001 extremely significant (***)
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of the protein that particularly interact with proteins on the 
peroxisomes/ER may help understand this mechanism.

Interestingly, peroxisome number in cells cultured in 
YND and OA did not alter significantly in non-phospho-
rylated variants, except for the Ser511A, which showed a 
reduced number in OA. Reduced number of peroxisomes in 
peroxisome-inducing growth conditions was observed when 
the residues were replaced with phosphomimetic aspartate 
residue. A role for Pex30 in regulating the membrane con-
tact sites of ER and peroxisomes has been reported. Change 
in the phosphorylation status in the mutants studied may 
result in altered membrane contact sites and thereby affect 
the number of peroxisomes. Earlier studies have reported an 
increase in peroxisome number when the C-terminus of the 
protein including C-Dysferlin domain was deleted (David 
et al. 2013). S511 lies in the domain of unknown function 
and the dysferlin domain in cells expressing the mutant vari-
ant (S511A and S511D) is intact and hence no increase in 
peroxisome number was observed. Interestingly, Ser511 
which is not conserved among other yeast species depicted 
altered peroxisome number upon changing to non-phospho-
rylatable or phosphomimetic variant. One hypothesis could 
be that these mutants may be differentially affected in their 
interaction with interacting proteins. Phosphorylation and 
dephosphorylation cycle may be needed for successive inter-
actions of the protein to accomplish its function. Further 
experiments that will decipher the role of phosphorylation in 
interaction with proteins and lipids may shed more light on 
this. A role for phosphorylation in the formation of higher-
order structures of the protein or to make distinct protein 
interactions required to regulate peroxisome biogenesis can 
be envisaged.

Our data demonstrates that phospho-mimicking mutant 
variants of S. cerevisiae Pex30 result in altered number of 
peroxisomes. This suggests that phosphorylation of Pex30 
may play a vital role in regulating peroxisome number and 
does not influence the localization of the protein to ER and 
peroxisomes. Interestingly, an important role for Pex30 in 
lipid droplet biogenesis has also been shown. Pex30 has been 
proposed to function as an adapter at the ER-peroxisome and 
ER-lipid droplet contact sites (Ferreira and Carvalho 2021). 
Different Pex30 complexes have been identified that are 
unique for the interaction and formation of membrane con-
tact sites with peroxisomes and lipid droplets. Future studies 
in this regard can decipher Pex30 interactions regulated by 
this PTM and the role of this modification in biogenesis of 
these organelles.

Though several peroxisomal proteins are identified to be 
phosphorylated by whole proteome approaches, not many 
validation studies have been performed (Infant et al. 2021). 
It is therefore important to study the functional relevance 
and decipher the molecular details that governs this regula-
tory mechanism.
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