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ABSTRACT 
	
  
  Pexophagy can be experimentally induced in mammalian cells by removing the 
culture serum. Pex14p, a peroxisomal membrane protein essential for matrix protein 
import in docking of soluble cargo-receptor Pex5p, is involved in the mammalian 
autophagic degradation of peroxisomes and interacts with the lipidated form of LC3, 
termed LC3-II, an essential factor for autophagosome formation, under the starvation 
condition in CHO-K1 cells. However, molecular mechanisms underlying the 
Pex14p-LC3-II interaction remain largely unknown. To verify whether Pex14p 
directly binds LC3-II, I reconstituted an in vitro conjugation system for synthesis of 
LC3-II with recombinant human Atg7, Atg3, and CHO-K1 LC3 mutant harboring the 
C-terminal Gly exposed, in the presence of ATP and phosphotidylethanolamine 
(PE)-containing liposomes. I show here that Pex14p directly interacts with LC3-II via 
the transmembrane domain of Pex14p. Pex5p competitively inhibits this interaction, 
implying that Pex14p preferentially binds to Pex5p under the nutrient-rich condition. 
Moreover, a Pex5p mutant defective in PTS1-protein import loses its affinity for 
Pex14p under the condition of nutrient deprivation, thereby more likely explaining 
why Pex14p prefers to interact with LC3-II under the starvation condition in vivo. I 
also show that another autophagy factor NBR1 is involved in the peroxisomal 
degradation and interacts with Pex14p and LC3 under the starvation condition. 
Together, these results suggest that Pex14p is a unique factor that functions in the 
dual processes in peroxisomal biogenesis and degradation with the coordination of 
Pex5p in response to the environmental changes. 
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Abbreviations: 
Atg, autophagy-related genes;  
BSA, bovine serum albumin;  
CHO, Chinese hamster ovary;  
DOPC, 1-dioleoyl-2-oleoyl-phosphatidylcholine ;  
DOPE, dioleoyl-phosphatidylethanolamine;  
EGFP, enhanced green fluorescent protein;  
GST, glutathione S-transferase; 
LC3, human microtubule-associated protein I light chain 3;  
LC3-I, soluble unmodified form of LC3;  
LC3-II, LC3-phospholipid conjugate;  
LRS, LC3-recognition sequence;  
PBS, phosphate-buffered saline;  
PE, phosphatidylethanolamine;  
PNS, Post-nuclear supernatant; 
PTS1, peroxisome targeting signal type I;  
siRNA, small interfering RNA. 
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INTRODUCTION 
   
  Cellular components and organelles in eukaryotic cells are reorganized 

constitutively to maintain cellular activities, which is highly regulated by various 

molecular mechanisms of biogenesis and degradation. Autophagy, a catabolic process 

is involved in the degradation of cellular components and organelles in lysosome. 

Autophagy is generally thought to be a bulk degradation system to remove cytosolic 

toxic substrates, to get amino acids for biosynthesis of proteins responding to nutrient 

starvation or to be protected against infection or stress to maintain cell survival [1-3].      

  Biochemical and morphological studies revealed the selective peroxisomal 

degradation by the autophagic mechanism, referred as ‘Pexophagy’, in several 

methylotrophic yeasts. In methylotrophic yeast, Pichia pastoris, peroxisomes are 

induced in both number and volume, when cells were grown in the medium 

containing methanol as a carbon source. After changing the medium containing 

methanol to glucose or ethanol, the proliferated peroxisomes are rapidly and 

selectively degraded. There are two processes for selective peroxisomal degradation: 

macropexophagy and micropexophagy. Macropexophagy is that peroxisomes are 

selective sequestered individually within a double-membrane structure, 

autophagosome, which is then fused with vacuoles for degradation [4].  

  Many autophagy-related genes (Atg) have been identified as essential proteins for 

autophagic machinery. Atg8, as an essential protein required for formation of 

autophagosomal membrane, is essential for pexophagy [5]. Atg36 identified in 

Saccharomyces cerevisiae is recruited to peroxisomes through binding to Pex3p, the 

targeting receptor of peroxisomal membrane proteins [6], and then delivers 

peroxisomes to the preautophagosomal structure by binding Atg8 [7] under 

pexophagy condition. In P. pastoris, Atg30 is involved in peroxisome recognition for 

pexophagy by interacting with both Atg8 [8] and peroxisomal proteins (Pex14p and 

Pex3p) [9]. The two peroxins were also identified as targets for initiation of 

pexophagy in Hansenula polymorpha. Pex3p is rapidly degraded before peroxisomal 

degradation [10-12], while Pex14p, as a peroxisomal membrane peroxin essential for 
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matrix protein import [13], is also required for macropexophagy [14, 15].  

  In mammal, specific peroxisomal degradation by autophagic machinery is observed 

in rodent liver. When mice are fed with peroxisomal proliferators such as clofibrate, 

the number and volume of peroxisomes increase in liver cells. After withdrawal of the 

agents, the proliferated peroxisomes are then decreased via autophagic degradation 

[16]. There are also different types of pexophagies have been observed in mammalian 

cells. And the peroxins Pex3p and Pex14p function not only in pexophagy in yeast, 

but also in mammalian cells. Our recent study reveals a novel condition for 

Pex3p-mediated pexophagy [17], similar to the effect of NBR1 (neighbor of BRCA1 

gene 1) over-expression in mammalian cells [18]. It has been reported that Pex14p is 

involved in the degradation of peroxisomes triggered experimentally by switching the 

nutrient-rich medium to nutrient-starved medium in cultured cells, which interacts 

with LC3-II, one of the mammalian homologues of Atg8, via microtubules under the 

nutrient-starved condition [19]. LC3-II is the membrane-bound form of LC3-I, and is 

essential for autophagosome formation and remains on autophagosomal membrane 

[20, 21]. The selectivity of autophagy can be mediated by the binding of organelle 

receptors to LC3. Many LC3-binding proteins contain a W/YXXL motif [22, 23] or 

alternatively termed LC3-recognition sequence (LRS) [24, 25]. However, Pex14p 

does not contain LRS and little is known about how Pex14p interacts with LC3-II.  

  Pex5p, the peroxisome targeting signal 1(PTS1) [26] receptor, shuttles between the 

cytoplasm and peroxisomes. Pex5p transports peroxisomal matrix proteins 

synthesized on cytosolic ribosomes to the organelle matrix through the N-terminal of 

Pex14p involved in a multi-subunit protein complex as the first step [27-29]. However, 

Pex14p efficiently interacts with LC3-II under the starvation condition, whilst it binds 

to Pex5p under the normal condition [19]. 

  In this study, to elucidate whether Pex14p directly binds to LC3-II, in vitro binding 

system using cell-free synthesized LC3-II and recombinant Pex14 was established. I 

showed here the direct binding of Pex14p to LC3-II and defined the binding region of 

LC3-II in Pex14p. And I also investigated how Pex14p interacts with LC3-II under 

the starvation condition and proposed that Pex5p is the cytosolic factor for the 
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regulation of their interaction. 
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EXPERIMENTAL PROCEDURES 
 
Cell culture 
CHO-K1 cells and CHO cell mutants including pex14 ZP161 [30]. pex5 ZPEG101 

[31] and pex5 ZP139 [32] were cultured in Ham’s F-12 medium supplemented with 

10% fetal bovine serum under 5% CO2. For nutrient-starved condition, cells were 

washed with Hank’s solution and incubated in the same solution at 37°C. 

 

Antibodies 

The antibodies used were rabbit antibodies to Atg3 (Cell Signaling Technology), 

Pex5p [33], Pex14pC [34] and acyl-CoA oxidase (AOx) [35], mouse monoclonal 

antibodies to NBR1 (Abnova), tubulin α (Abcam) and His6 tag (Biodynamics 

Laboratory), goat antibody to lactate dehydrogenase (LDH) (Lockland), and guinea 

pig antibody to Pex14pN [36]. Rabbit polyclonal anti-LC3 antibody raised against a 

synthetic peptide corresponding to the N-terminal 19 amino acids of Chinese hamster 

LC3 [19] was also used.  

 

Preparation of liposomes 

Synthetic phospholipids, 1-dioleoyl-2-oleoyl-phosphatidylcholine (DOPC) and 

dioleoyl-phosphatidylethanolamine (DOPE), were purchased from Avanti Polar 

Lipids (Alabaster). To prepare dried lipid films, the chloroform was evaporated with 

nitrogen gas. The resultant dried lipid films were hydrated to a final concentration of 

1 mM phospholipids in a buffer containing 25 mM Tris-HCl (pH 7.5), 0.15 M NaCl, 3 

mM KCl, vortexed vigorously at room temperature, and sonicated at 4°C for 5 min. 

After centrifugation at 20,000 × g for 20 min, the supernatant was used as small 

unilamellar liposomes. 

 

Plasmids 

Plasmids each of pGEX-4T-1 inserted with cDNA encoding human Atg7 and human 

Atg3, respectively, were provided by Dr. I. Tanida [21]. Chinese hamster LC3B 
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cDNA was as described [19]. LC3 mutant exposing C-terminal Gly was constructed 

in plasmid pGEX-6P-3 by inserting a stop codon after the codon for Gly 373. 

BamH1-EcoR1 fragments of LC3B mutant were amplified with BamH1-LC3B-sense 

primer [19] and the designed LC3B-G-stopcodon-EcoR1-antisense primer 

(5’-CCGGGAATTCTTACCCGAACGTCT-3’) using pGEX-6p-3-LC3B as a 

template. They were then subcloned into BamH1 and EcoR1 sites of pGEX-6p-3 

vector. The sequence for the mutation was confirmed by DNA sequencing. cDNAs 

coding for glutathione S-transferase (GST), GST-Pex14p, and mutant GST-Pex14p in 

pGEX6P-2 were provided as described [29]. cDNAs coding for GST-catalase was 

provided by Dr. K. Okumoto [37]. pEGFP-LC3 coding for enhanced green 

fluorescent protein fused to LC3 was as described [17]. cDNAs coding for 

His6-tagged Pex14p (His-Pex14p) [29] and Pex5pL (His-Pex5pL) [33] were also 

used. 

 

Purification of recombinant proteins 

GST-fused proteins were expressed in Escherichia coli and affinity-purified using 

glutathione-linked Sepharose 4B as described [38]. PreScission protease or thrombin 

was used for cleaving GST-fused proteins according to the manufacturer’s protocol 

(Amersham Biosciences). His-Pex14p and His-Pex5pL were expressed in E. coli and 

purified using nickel-nitrilotriacetic acid-agarose (Ni-NTA) (QIAGEN). 

 

In vitro conjugation reaction for synthesis of LC3-II 

Reaction mixture each containing liposomes (300 µM lipids), purified hAtg7, hAtg3, 

LC3 harboring the C-terminal glycine residue (0.1 µM each), 1 mM ATP, and 1 mM 

MgCl2 were incubated at 30 °C for 1 h in reconstitution buffer contains 100 mM NaCl, 

0.2 mM dithiothreitol, and 50 mM Tris-HCl, pH 8.0. The reaction can be terminated 

by adding 50% volume of 2 × SDS-PAGE sample buffer for SDS-PAGE and western 

blotting. Addition of NP-40 to the reaction mixture at a final concentration of 1% was 

also used for further binding assays. 
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DNA transfection 

DNA transfection into CHO-K1 cells was performed with Lipofectamine reagent 

(Invitrogen) as described [39]. 

 

In vitro binding assays 

GST-fused Pex14p and its various deletion mutants were purified, immobilized to 

GSH conjugated Sepharose 4B, and incubated with the mixture of LC3-II conjugation 

system at 4°C for 2 h in the presence of 1% NP-40. GST beads were washed 3 times 

with reconstitution buffer. Samples were denatured in SDS sample buffer and 

analyzed by SDS-PAGE and immunoblotting with anti-LC3 antibody. 

The organelle fraction was prepared from pex14 ZP161 cells cultured under the 

starvation condition and incubated with anti-LC3 antibody for 1 h on ice. Protein 

A-Sepharose was added to immobilize LC3 bound to anti-LC3 antibody by incubating 

at 4℃ for 1 h. LC3-bound Protein-A Sepharose was washed twice with 1% NP-40 

lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0). For binding assay, 

recombinant His-Pex14p was added to the immobilized LC3 together with cell lysate 

prepared from CHO-K1 or pex5 ZPEG101 cells. The mixture was incubated at 4℃ 

for 2 h and the Protein A-Sepharose pellet was washed 3 times with lysis buffer and 

treated with SDS-PAGE sample buffer at 95℃ for 5 min, His-Pex14p bound to LC3 

was analyzed by SDS-PAGE and western blotting. 

 

Immunoblot and immunoprecipitation 

For immunoblot, cells were washed twice with phosphate-buffered saline, 

homogenized in 0.25 M sucrose, 5 mM Hepes–KOH, pH 7.4, and 1 mM EGTA, 

containing protease inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride. 

Post-nuclear supernatant (PNS) fraction of cells was prepared by centrifuging the 

cell-homogenates at 800 × g for 5 min and subjected for protein quantitation. The 

samples each contains equal protein amount were separated by SDS-PAGE, and 

transferred to polyvinyledene difluoride membranes (Bio-Rad). Samples on the 

membrane were subjected to the detection with primary antibodies, secondary 
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antibodies conjugated to horseradish peroxidase (GE Healthcare, Japan), and ECL 

reagent (GE Healthcare, Japan). For immunoprecipitation, cytosol and organelle 

fractions were prepared by centrifuging the PNS fraction at 100,000 × g for 30 min. 

The organelle fraction was solubilized in 50 mM Tris-HCl, pH 7.4, 1% NP-40, and 

150 mM NaCl. The cytosol and solubilized membrane fractions were incubated with 

anti-LC3 antibody on ice for 2 h. The antigen-antibody complexes were recovered 

with Protein A-Sepharose beads (GE Healthcare, Japan) and were analyzed by 

SDS-PAGE and immunoblotting. For immunoprecipitation assay using anti-NBR1 

antibody, cells were directly lysed with lysis buffer and incubated with agarose beads 

coupled with anti-NBR1 antibody on ice for 2 h. The immunoprecipitation complexes 

were analyzed by SDS-PAGE and immunoblotting. 

 

Protein delivery 

Proteins were induced into CHO-K1 cells using BioPORTER (Genlantis) as in the 

manual of manufacturer. 

 

RNA interference 

For small interfering (siRNA)-mediated knockdown of NBR1, cells were transfected 

with 100 nM of the targeting siRNA using Lipofectamine 2000 (Invitrogen) for 48 h. 

 

Immunofluorescence microscopy 

Cells expressing with cDNA encoding enhanced green fluorescent protein 

(EGFP)-fused LC3 were grown on a cover-glass under normal culture condition or 

nutrient-starved condition. Cells were permeabilized with 50 µg/ml of digitonin, fixed 

with 4% paraformaldehyde (PFA), and blocked over night at 4°C with 1% bovine 

serum albumin (BSA) in phosphate-buffered saline (PBS). Cells were stained with 

antibody to Pex14p and secondary antibody of Alexa 568 goat anti-guinea pig IgG. 

Confocal images were obtained by a confocal laser microscope LSM510 (Carl-Zeiss) 

with a 100 × oil lens. 
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RESULTS 
 
Pex14p is important for autophagic degradation of peroxisomes by binding to 

LC3 under the starvation condition 

  Previous report showed the degradation of peroxisomes in response to the 

nutrient-starvation [19]. Under the starvation condition, LC3-II was 

co-immunoprecipitated with Pex14p, and with concomitant reduction of the binding 

of Pex5p to Pex14p (Fig. 1A). No matter how significantly high the expression of 

autophagy marker LC3-II is in CHO-K1 cells starved in Hank’s solution, the 

degradation of peroxisomes become evident only when the cells are re-cultured in a 

normal medium after the starvation [19] (Fig. 1B, panels e-l). The colocalization of 

LC3-II-marked peroxisomes with lysosomes was obviously detected in the presence 

of Chloroquine, an inhibitor of autophagy, after the re-culture (Fig. 1B, panels m-p). 

These results confirmed the previous demonstration that peroxisomes are degraded by 

autophagy system in the culture medium after the starvation treatment, where Pex14p 

plays a key role at the initial step in binding to LC3-II under the starvation condition. 
 
 
LC3-II is synthesized in vitro 

  LC3 is one of mammalian homologue of yeast Atg8, which is a ubiquitin-like 

protein and plays an essential role in autophagy through its ability to be conjugated to 

phosphatidylethanolamine (PE) [40-42]. When autophagy is initiated, the cytosolic 

form of LC3-I is converted to LC3-II through lipidation of C-terminal glycine residue 

with PE by a ubiquitin-like conjugation system [20]. LC3 is cleaved by Atg4B, an 

authentic cysteine protease, to expose the C-terminal glycine, resulting in LC3-I. And 

LC3-I is then activated by Atg7 as E1-substrate in an ATP-dependent manner, 

transferred to Atg3 as E2-substrate, and finally conjugated to PE [20, 43]. To confirm 

whether the interaction between Pex14p and LC3 is direct, a cell-free system was 

established and used to exclude a possibility that any other factors, if any, co-purified 

by immunoprecipitation of LC3-II are involved in this interaction. 
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  In order to conjugate LC3 to PE, LC3-I harboring the C-terminal Gly exposed 

(LC3TFG), Atg7, Atg3, and PE-containing liposomes were prepared as minimum 

reaction units required for in vitro lipidation system （Fig. 1A）. In CHO-K1 cells, two 

isoforms, LC3A and LC3B, were identified in the LC3 family [44]. Previous study 

showed that LC3B is preferentially expressed and mainly functions as the yeast Atg8 

counterpart in CHO-K1 cells [19]. Therefore, CHO-K1 LC3B was used in this study 

and its C-terminal Gly-exposed mutant termed LC3TFG, was constructed. Respectively 

purified proteins were subjected to SDS-PAGE and staining with by Coomassie 

Brilliant Blue (Fig. 2A). At first, the E1-substrate intermediate between hAtg7 and 

LC3TFG was formed. hAtg7 and LC3TFG were mixed and incubated at 30°C for the 

indicated time period in the presence or absence of ATP (Fig. 2B). Reaction was 

stopped by addition of SDS-PAGE sample buffer and the reaction mixture was 

subjected to SDS-PAGE under non-reducing condition. LC3TFG was detected by 

immunoblotting using anti-LC3 antibody. In the presence of ATP, a band with ~100 

kDa apparently corresponding to hAtg7-LC3TFG intermediate formed after 15-min 

incubation (Fig. 2B, lanes 2-4) and disappeared after 60-min incubation (Fig. 2B, 

lanes 5-7). The intermediate was not detected in the presence of a reducing reagent, 

dithiothreitol (DTT), apparently because the intermediate was formed via a thioester 

bond (Fig. 2B, lane 9). Next, to synthesis an E2-substrate intermediate between hAtg3 

and LC3TFG, three recombinant proteins including hAtg7, hAtg3 and LC3TFG were 

incubated at 30°C for 60 min (Fig. 2C). Incubating for longer than 60 min seemed to 

affect the stability and activity of hAtg7 (Fig. 2B, lanes 5-7). To stop the reaction, an 

equal volume of SDS-PAGE sample buffer excluding β-mercaptoethanol was added 

and the mixture was analyzed by SDS-PAGE gel under non-reducing condition. 

hAtg3-LC3 intermediate was detected by immunoblotting with anti-LC3 antibody and 

anti-Atg3 antibody. In the presence of ATP, a ~60kDa band corresponding to 

hAtg3-LC3TFG intermediate was detected (Fig. 2C, lane 3), which was not detectable 

in the absence of hAtg7 (lane 1) or ATP (lane 2). Since 100% DOPE is not 

structurally suitable for formation of liposomes [21], I prepared two kinds of 

DOPE-containing liposomes and investigated their effects on LC3 conjugation. Other 
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components including hAtg7, hAtg3, LC3TFG and ATP were incubated at 30°C for 60 

min with either of DOPE-containing liposomes (70% DOPE and 30%DOPC; 50% 

DOPE and 50% DOPC). LC3-II formation was observed in both reactions (Fig. 2D). 

To concentrate the synthesized LC3-II after the reaction, the mixture was centrifuged. 

LC3-II was mostly harvested in the pellet fraction as expected (Fig. 2E, lane 5). By 

optimizing the reaction conditions, under which the purified recombinant proteins 

including hAtg7, hAtg3, and LC3TFG were incubated with PE-containing liposomes, 

LC3-II was significantly generated after incubation in the presence of ATP (Fig. 2F, 

lane 2). 

 

Transmembrane domain of Pex14p is essential for LC3-II binding. 

  Recombinant GST-Pex14p and GST-p62 were verified for binding to LC3-II 

synthesized by cell-free system. p62 is a well-known substrate for mammalian 

autophagy and contains an LRS motif [45]. Synthesized LC3-II was pulled down by 

GST-Pex14p and GST-p62, but not GST used as a negative control (Fig. 3A). These 

results suggest that Pex14p directly binds to LC3-II. Although I noted that Pex14p 

binding to LC3-I, in vivo studies showed that Pex14p predominantly interacts with 

LC3-II [19]. Therefore, it is likely that the lipidation of LC3-I to LC3-II is required 

for activation of peroxisomal degradation via Pex14p. 

  Pex14p contains three distinct parts, a highly conserved N-terminal region, a 

typical coiled-coil domain in the middle, and a C-terminal region. Three peroxins, 

Pex5p, Pex13p, and Pex19p, share the same domain of the N-terminal Pex14p for 

interaction. The coiled-coil domain of the middle part is reported to be responsible for 

oligomerization of Pex14p while little is known about the functions of C-terminus [29, 

34, 46, 47]. There is no report about LRS in Pex14p, while it is well known in p62. 

To determine the domains of Pex14p involved in the binding to LC3-II, GST-fused 

full-length and truncated forms of Pex14p were constructed (Fig. 3B) and expressed 

in E.coli. In vitro LC3-II-binding assays by GST-pull down method revealed that the 

Pex14p N-terminal fragment comprising amino-acid sequence at 21 to 140 interacted 

with LC3-II, whereas the construct encompassing the sequence at 1 to 106 did not 
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bind to LC3-II (Fig. 3C). These results suggest that the region encompassing the 

amino acid residues between 106-140 containing the hydrophobic transmembrane 

domain (110-138) of Pex14p is essential for binding to LC3-II, implying that Pex14p 

interacts with LC3-II directly in the peroxisomal membrane. 

 

Pex5p competes with LC3-II in binding to Pex14p 

  Pex5p is the peroxisome-targeting signal 1 (PTS1) receptor and shuttles between 

the cytoplasm and peroxisomes. Pex5p binds to Pex14p at the first step of the 

matrix-protein import process through the N-terminal region of Pex14p [29, 46, 47]. 

Previous report [19] showed that, under the starvation condition, LC3-II was 

co-immunoprecipitated with Pex14p, and with concomitant reduction of Pex5p 

binding to Pex14p (Fig. 1A). To assess whether Pex5p contributes to the regulation of 

the interaction between Pex14p and LC3-II, cytosolic fraction from pex5 CHO mutant 

ZPEG101 cells [31] was examined by a binding assay system using LC3-II purified 

from the membrane fraction of the starved pex14 CHO mutant ZP161 cells. 

Recombinant His-Pex14p was pulled down in vitro with the purified LC3-II (Fig. 4A, 

lane 4). Binding of His-Pex14p to LC3-II was lowered by increasing amount of the 

cytosolic fraction prepared from CHO-K1 cells, but not by that from pex5 ZPEG101 

cells lacking Pex5p (Fig. 4B). Moreover, to assess whether such inhibition is direct, I 

examined the effects of recombinant Pex5p addition to the pull-down assay. Pex5p 

effectively inhibited the binding of His-Pex14p to LC3-II (Fig. 4C). Morphological 

analysis was also performed using CHO-K1 cells stably expressing EGFP-LC3B. 

Recombinant His-Pex5pL was introduced into cells using BioPORTER for the 

delivery. When cells were grown under nutrient-rich condition, EGFP-LC3B was not 

detected as a punctate structure since LC3 was mainly in cytosolic form (LC3-I) 

under the nutrient-rich condition (Fig. 4D, panel c). On the contrary, EGFP-LC3B 

puncta were induced and partly colocalized with peroxisomes under the starvation 

condition, suggesting that autophagy was initiated and some portion of 

EGFP-LC3B-II bound to Pex14p (Fig. 4D, panel g). To assess the effect of Pex5p on 

the localization of EGFP-LC3B at peroxisomes, recombinant His-Pex5pL was 
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introduced into the cells using BioPORTER. Recombinant His-Pex5pL was 

effectively delivered into cells (Fig. 4E, lanes 2 and 3) and inhibited the colocalization 

of EGFP-LC3B with Pex14p (Fig. 4D, panels i to l, Fig. 4F). These results suggest 

that Pex5p functions as an inhibitory factor for the binding of Pex14p to LC3-II. 

Moreover, I also examined the impact of Pex5p introduction on peroxisomal 

degradation activity. Reduced level of Pex14p was detected after starvation and 

re-cultured in the normal medium (Fig. 4G, lanes 1 and 2) and the decrease was 

inhibited in the presence of Chloroquine (Fig. 4G, lanes 2 and 3), an autophagy 

inhibitor, indicating it was an autophagic degradation. Peroxisomal matrix protein as 

AOx also showed similar results. However, after introduction of His-Pex5pL, LC3-II 

level was apparently inhibited even under the starvation condition (Fig. 4G, lane 4). 

Pexophagic activity could not be detected with AOx (Fig. 4G, lanes 4-6). Introduced 

His-Pex5pL and Pex14p presented distinct degradation after re-culture (Fig. 4G, lanes 

4 and 5) while the degradation could not be prevented with Chloroquine (Fig. 4G, 

lanes 5 and 6). I interpreted these results to mean that introduced Pex5p inhibited 

pexophagy activity when starved and then re-cultured while some non-selective 

degradation including some peroxisomal proteins was triggered under such condition. 

 

Import defect caused by starvation initiates peroxisomal degradation 

  The results described above evidently showed that the transmembrane domain of 

Pex14p, not Pex5p binding region, is required for LC3-II binding. And Pex5p exerts 

the adverse effect on the interaction between Pex14p and LC3-II. Taken together, 

these results suggest that LC3-II does not directly compete with Pex5p in binding to 

Pex14p. Pex5p transports newly synthesized proteins into peroxisomal matrix by 

docking to Pex14p on peroxisomal membrane, and then translocates via RING 

peroxins comprising Pex2p, Pex10, and Pex12p, and shuttles back to the cytosol via 

Pex1p-Pex6p-Pex26p complexes [27, 33, 37, 48-50]. To examine the relationship on 

the function of Pex5p, matrix protein import and competitive effect to the 

Pex14p-LC3-II interaction, I investigated the activity of peroxisomal matrix protein 

under nutrient-rich and deprivation condition. The effective peroxisomal import was 
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assessed by colocalization of both PTS1 (Fig. 5A, panels a-c) and PTS2 (Fig. 5A, 

panels g-i) signals with Pex14p under the normal condition. Under the starvation 

condition, not only Pex5p (Fig. 5A, panels d-f) but also PTS2 protein thiolase 

displayed minimal translocation to Pex14p (Fig. 5A, panels j-l), indicating that the 

import activity was significantly lowered under the starvation condition. ZP139 is a 

pex5-defective CHO cell line, which has a phenotypic deficiency in the import of 

PTS1 proteins [32]. The mutation in ZP139 cells causes the dysfunction of Pex5p in 

protein-cargo translocation with the intact Pex14p-binding motifs [32, 50]. Therefore, 

it is likely that Pex5p is mostly cargo-unloaded in ZP139 cells. Pex14p is 

co-immunoprecipitated with LC3 under the normal culture condition in ZP139 cells 

(Fig. 5B, lane 6). Under the starvation condition, the binding of LC3 to Pex14p was 

highly enhanced (Fig. 5B, lane 8). These results were confirmed by morphological 

analysis. Colocalization of LC3-II with Pex14p was not evident in CHO-K1 cells (Fig. 

5C, panels a-d), whilst their colocalization was clearly discernible in ZP139 cells even 

under the normal condition (Fig. 5C, panels i-l), consistent with the results of 

coimmunoprecipitation assay. Cytosolic Pex5p was significantly eliminated under the 

starvation condition in pex5 ZP139 cells (Fig. 5B, lane 7). Moreover, prolonged 

starvation treatment of ZP139 cells enhanced the decrease in the level of Pex5p (Fig. 

5E, lower panel). Pex14p was concomitantly reduced upon the elimination of Pex5p 

after 5 h starvation treatment (Fig. 5E, upper panel). These results imply that 

dysfunctional Pex5p is to be ultimately eliminated in response to nutrient-starvation 

in ZP139 cells, thereby accelerating the induction of peroxisome degradation. 

Therefore, one possibility is that the cargo-loading scale of Pex5p is altered on the 

culture conditions, which then imposing the influence on its affinity for Pex14p. To 

address whether less PTS1 cargoes are loaded to Pex5p under the starvation condition 

than the normal condition, I established a pull-down system using purified GST-fused 

catalase, a matrix PTS1-like enzyme, and cytosolic fractions each from CHO-K1 cells 

cultured under the normal and starvation conditions. As expected, less amount of 

Pex5p was pulled down from the cytosol fraction from the cells cultured under the 

starvation condition as compared to that from normally cultured cells (Fig. 5G), 
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suggesting a weak association between Pex5p and catalase under starvation. 

Collectively, these observations suggest that the down-regulation of matrix protein 

import into peroxisomes under the starvation condition gives rise to the affinity to 

LC3-II of Pex14p. I also noticed that the reduction of Pex5p and Pex14p in ZP139 

cells under the starvation condition was not autophagy-related since it was not 

prohibited by autophagy inhibitor, Bafilomycin A1 (Fig. 5F, lanes 3 and 4). There are 

two degradation systems for peroxisomal proteins involving autophagy and 

proteasomes depending on various cell-culture conditions [19]. I interpreted that 

down-regulation of Pex5p in ZP139 cells not only enhanced pexophagy but also 

triggered other non-selective degradation system after longer starvation treatment. 

 

NBR1 is involved in the selective degradation of peroxisomes triggered by 

nutrient deprivation 

  To further verify the pivotal role of Pex14p in peroxisomal degradation, I 

investigated the relation between Pex14p and NBR1, which is one of the essential 

factors for pexophagy [17, 18], in the initiation of peroxisomal degradation triggered 

by starvation treatment. Pex14p was detectable in immunoprecipitate of NBR1 in the 

lysates of CHO-K1 cells cultured under both normal and starvation conditions (Fig. 

6A, lanes 5 and 6). LC3-II was also coimmnoprecipitated with NBR1 using 

anti-NBR1 antibody, predominantly upon the starvation condition (Fig. 6A, lanes 5 

and 6). Moreover, NBR1 was localized to peroxisomes under the starvation condition, 

as verified by morphological analysis (Fig. 6B). These results strongly suggest that 

NBR1 is involved in the process of initiation of peroxisome degradation by binding to 

Pex14p in response to the nutrient deprivation. Recent study showed the knockdown 

of Pex14p impaired the recruiting of NBR1 to peroxisomes in mammalian cells [18]. 

Taken together, I conclude that Pex14p is a significant factor involved in recruiting 

autophagic proteins including NBR1, ultimately leading to the shift from biogenesis 

to degradation. Furthermore, upon knocking down of NBR1, LC3-II was much less 

recruited to peroxisomes, suggesting a significant decrease in pexophagy (Fig. 6B and 

C). The binding between Pex14p and LC3-II was considered as the initiation of 



	
   17	
  

starvation-induced pexophagy [19]. It is equally likely that NBR1 might be an 

association factor for Pex14p-LC3-II binding. 
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DISCUSSION 
 
  In the present work, the results showed that LC3-II was formed in vitro using 

purified hAtg7, hAtg3, CHO-K1 LC3B mutant exposing the glycine residue at 

C-terminus, ATP and PE-containing liposomes (Fig. 2, A and F), which were a 

minimum unit for the reconstitution reaction. E1- and E2-substrate intermediates, 

LC3-hAtg7 and hAtg3-LC3, respectively, via ATP-dependent thioester bonds were 

also detected (Fig. 2, B and C). Although LC3-II was successfully synthesized in vitro, 

the efficiency in the conversion of LC3-I to LC3-II remained to be improved.  In 

vivo, the conjugation activity of Atg3 is a rate-limiting step and Atg12-Atg5 complex 

can enhance this activity through direct interaction with Atg3 [20, 43]. Therefore, 

addition of recombinant Atg12-Atg5 into the conjugation system might augment 

LC3-II formation. Moreover, the reaction conditions including pH and lipid 

compositions of liposomes need to be optimized. In vitro LC3-II conjugation appears 

to be much more difficult than Atg8-PE conjugation [20, 43]. It is likely that other 

factors activate the selective conjugation of LC3-I to PE in mammalian cells. 

  The dynamic nature of peroxisomes is maintained by organelle biogenesis and 

degradation. Our current studies revealed the significant role of Pex14p on the 

molecular mechanism underlying the selective degradation of peroxisomes in 

mammalian cells, such as macropexophagy in methylotrophic yeast H. polymorpha 

[51]. In autophagy degradation of mitochondria termed mitophagy, similar to Pex14p 

in pexophagy, mitochondrial outer membrane proteins Bcl2/E1B 19 kDa-interacting 

protein 3-like protein, BNIP3L/Nix [22] and FUN 14 domain containing 1, FUNDC1 

[23] are mammalian mitophagy receptors and interact with LC3 under mitophagy 

conditions. Unlike Nix or FUNDC1 which was shown to contain a W/YXXL motif 

[22, 23], I showed in the present work that LC3-II directly bound to the 

transmembrane domain of Pex14p, and it was competitively inhibited by Pex5p. The 

N-terminal region encompassing 21-70 amino-acid residues of Pex14p is the binding 

domain for Pex5p that transports newly synthesized peroxisomal matrix proteins from 

cytosol to peroxisome matrix [29, 46, 47]. Interestingly, it means that LC3-II and 
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Pex5p do not directly compete in binding to Pex14p. And actually, cytosolic Pex5p 

shows no evident change at the preliminary stage of starvation treatment. It is 

reported that cargo-loaded Pex5p in mammalian cells prefers to bind to Pex14p than 

to Pex13p, whereas cargo-free Pex5p likely binds to Pex13p [37, 52]. These studies 

have led to the suggestion that cargo-loaded Pex5p has a greater affinity to Pex14p 

than cargo-free Pex5p. I assumed that upon starvation, a less amount of cargoes is 

loaded to Pex5p upon certain modification, leading to less affinity of Pex5p towards 

Pex14p. As shown in Figure 5G, Pex5p in the cytoplasm of starved cells indeed 

showed less affinity to catalase, a PTS1-like protein [37]. In the presence of Pex5p 

with apparently lower transport function, LC3-II interacts with Pex14p even when 

cells are grown under the normal condition. Furthermore, in ZP139 cells, 

“unnecessary” Pex5p was eliminated by prolonged starvation treatment and the 

interaction between Pex14p and LC3-II was observed more effectively. As the 

amount of dysfunctional Pex5p tapered in cytoplasm, the expression level of Pex14p 

was decreased after long-time amino acid deprivation, apparently leading to the 

peroxisome degradation. This conditional selective degradation is apparent even when 

cells are placed in a medium that would normally require peroxisome biogenesis for 

cell growth. Our finding that incapacitating the function of Pex5p in matrix protein 

import is a prerequisite for the initiation of peroxisomal degradation suggests a 

difference between the yeast and mammalian systems. 

  The topology of Pex14p is not completely defined. It is commonly thought that 

C-terminal region of Pex14p is exposed to the cytosol and N-terminal part is reported 

to face to the cytosol by epitope-tagging [53]. But, how the transmembrane domain is 

embedded into the peroxisomal membrane remains unsolved. Pex14p forms a 

homo-oligomer via the coiled-coil domain, giving rise to a high molecular mass 

complex for Pex5p docking. Disassembly of Pex14p homo-oligomer upon the 

cell-starvation condition may provide a scaffold in the transmembrane domain for 

LC3-II binding. Recently, NBR1 is shown to be required for the turnover of 

peroxisomes [18]. NBR1 induces peroxisome clustering and the clustered 

peroxisomes are degraded by an autophagic pathway [18]. However, it is still unclear 
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what is the target for NBR1 on peroxisomes. I found that NBR1 targets to 

peroxisomes under the starvation condition and that it interacts with Pex14p as well as 

p62, which is another crucial autophagy factor, consistent with previous reports that 

NBR1 works cooperatively with p62 [54]. p62 can recruit LC3 via its LRS for 

autophagic degradation of p62-positive inclusion body [24]. Interestingly, NBR1 

showed a positive effect on the binding between Pex14p and LC3 since the decreased 

expressing level of NBR1 led to less LC3-II recruited to peroxisomes. Therefore, I 

propose that by sensing the nutrient condition, either p62 or NBR1 is initially targeted 

to peroxisomes by binding to Pex14p, thereby conferring a conformational change of 

Pex14p homo-oligomer. The disassembly of Pex14p gives rise to the exposure of 

membrane interaction domain, where LC3-II can anchor, then inducing autophagic 

sequestration of peroxisomes. This hypothesis implies a dual functional role of 

Pex14p and explains how the conversion of peroxisomes from biogenesis to 

degradation takes place. 

  Autophagy is involved in cell survival, cell death, normal development, negative 

control of cell growth, longevity, clearance of toxic aggregate-prone proteins, and cell 

surface receptor trafficking [55]. Pexophagy, the selective degradation of peroxisomes 

via autophagy machinery, also contributes to the quantitative regulation of 

peroxisomes and homeostasis in the metabolism of numerous substrates including 

lipid [56]. Despite the distinct importance of pexophagy in the physiology of higher 

eukaryotes, the molecular mechanisms and functions of pexophagy in these organisms 

need to be defined more in details. The findings in the present work would open a 

way to addressing these issues.  
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FIGURE LEGENDS 
 
Figure 1. Pex14p is important for binding to LC3 in autophagic degradation of 

peroxisomes upon starvation treatment. 

(A) CHO-K1 cells were cultured under the normal or the starvation condition. Cell 

lysates were analyzed by immunoprecipitation using anti-Pex14p antibody conjugated 

to Protein A-Sepharose. Immunoprecipitates were assessed for Pex5p, Pex14p and 

LC3. Input, 5% of the lysates used for immunoprecipitation. The dot designates a 

suspected intermediate product of LC3-I converting to LC3-II, which has not been 

confirmed and could be non-specific. (B) Confocal microscopic images of CHO-K1 

cells stably expressing EGFP-LC3B cultured under the normal (C) and starvation (S) 

conditions and re-culture after starvation (SC) in the absence or presence of 

Chloroquine. Colocalizations of EGFP-LC3-II and a lysosome marker, Lamp-1, with 

Pex14p were assessed. Scale bar, 10 µm.  

 

Figure 2. LC3-II is synthesized in vitro.  

(A) Purified recombinant human Atg proteins and mutant LC3 (LC3TFG) were 

subjected to 15% SDS-PAGE and stained with Coomassie Brilliant Blue. (B) In vitro 

formation of hAtg7-LC3 (E1-substrate) intermediate. hAtg7 and LC3TFG were 

incubated in reconstitution buffer at 30°C for indicated time in the presence or 

absence of ATP and 100 mM DTT, as indicated at the top. Reaction mixture was 

subjected to SDS-PAGE under non-reducing condition. LC3-hAtg7 conjugate and 

LC3TFG were detected by immunoblotting using anti-LC3 antibody. (C) LC3-hAtg3 

(E2-substrate) intermediate was synthesized in vitro as follows. hAtg7, hAtg3 and 

LC3TFG were mixed in reconstitution buffer and incubated at 30°C for 1 h in the 

presence or absence of ATP (lanes 2 and 3). Reaction was stopped by addition of an 

equal volume of SDS-PAGE sample buffer and the mixture was analyzed as in (B). 

Anti-LC3 antibody and anti-hAtg3 antibody were used for detection in 

immunoblotting assay. (D) LC3-II synthesis reaction was performed with different 

proportions of PE and PC, 7:3 or 5:5 respectively for indicated times. The reaction 
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mixture was analyzed as in (C). (E) hAtg7, hAtg3 and LC3TFG were mixed in 

reconstitution buffer and incubated at 30°C for 1 h in the presence of liposomes with 

the proportions of PE:PC=7:3. The reaction mixture was subjected to SDS-PAGE 

under non-reducing (lane 2) and denatured (lane 3) conditions respectively or 

centrifuged at 100,000 × g for 30 min. After centrifugation, supernatant (lane 4) and 

pellet (lane5) were also analyzed by SDS-PAGE and CBB staining. (F) Purified 

recombinant human Atg proteins and mutant LC3 (LC3TFG) (0.1 µM each) in (A) 

were incubated at 30°C for 1 h with PE-containing liposomes (PE:PC=7:3) in 

reconstitution buffer in the presence (+) or absence (-) of ATP. Reaction mixtures 

were analyzed by SDS-PAGE and immunoblotting with anti-LC3 antibody.  

 

Figure 3. Transmembrane domain of Pex14p is crucial for binding to LC3-II.  

(A) Purified GST fusion proteins (upper panel) were immobilized to glutathione 

(GSH)-Sepharose and incubated at 4°C for 2 h with the reaction mixture of LC3-II 

conjugation system (see B) in the presence of 1% NP-40. GST and GST-p62 were 

also used as negative and positive controls, respectively. After the incubation, 

GSH-Sepharose was washed 3 times with reconstitution buffer. Proteins bound to 

GSH-Sepharose were analyzed by SDS-PAGE and immunoblotting with anti-LC3 

antibody (lower panel). (B) Schematic diagram showing several domains in Pex14p 

and the constructed truncation mutants of Pex14p. Gray, orange, and pink regions 

represent the Pex5p-binding, transmembrane, and coiled-coil domains, respectively. 

(C) GST, GST-p62 and GST-fused full-length and deletion mutants of Pex14p were 

expressed and purified by GSH-Sepharose 4B (upper panel). Pull-down assay was 

performed as in Figure 1C, and proteins bound to GSH-Sepharose were analyzed by 

immunoblotting with anti-LC3 antibody (lower panel). The LC3-II bound to 

GST-fused proteins was quantified and represented with S.D. of four independent 

experiments. Each bar represents the ratio of LC3-II to respective GST-fused protein.  

 

Figure 4. Pex5p inhibits the interaction between Pex14p and LC3-II.  

(A) pex14 ZP161 cells were cultured under the starvation condition. LC3 was purified 
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from the cytosolic and membrane fractions using anti-LC3 antibody conjugated to 

Protein A-Sepharose (lower panel, lanes 3 and 4). Recombinant His-Pex14p was 

incubated with the immobilized LC3 (lane 1). His-Pex14p bound to Protein 

A-Sepharose was detected by Western blotting with anti-His6 tag antibody. Neg. 

represents a negative control without LC3 on the Sepharose (lane 2). (B) LC3-II was 

purified from the membrane fraction of pex14 ZP161 cells cultured under the 

starvation condition and was immobilized with anti-LC3 antibody linked to Protein 

A-Sepharose. To the immobilized LC3 suspended in 300 µl 1% NP-40 lysis buffer, 

recombinant His-Pex14p was added with the indicated amounts of cytosol that had 

been prepared from the starved pex5 ZPEG101 cells or wild-type CHO cells. 

His-Pex14p bound to Protein A-Sepharose was detected by Western blotting with 

anti-His6 tag antibody. Input, 10% of the recombinant His-Pex14p used for binding 

assay. (C) In place of the cytosolic fraction, recombinant Pex5p or BSA as a control 

protein was added to the binding reaction. (D) CHO-K1 cells stably expressing 

EGFP-LC3B were grown on a cover-glass in F12/10% FCS medium (panels a-d and 

e-h). Recombinant His-Pex5pL was introduced into the cells using BioPORTER 

under the serum-free condition (panels i-l). After 4 h, the cells were permeabilized 

with 50 µg/ml digitonin, fixed with 4% PFA, and incubated with primary antibody to 

Pex14pC or His6 tag and secondary antibody labeled with Alexa 568 or 647. Cells 

were monitored by a Carl-Zeiss confocal laser scan microscopy. Scale bar, 10 µm. (E) 

Recombinant His-Pex5pL and BSA were introduced into CHO-K1 cells stably 

expressing EGFP-LC3B using BioPORTER under the serum-free condition for 4 h. 

Cell lysates were analyzed by Western blotting with antibodies to His6 tag, and 

α-tubulin, a loading control. (F) The percentage of EGFP-LC3-II positive 

peroxisomes was calculated. Data are presented as the mean ± S.D. of 3 replicates. (G) 

Recombinant His-Pex5pL and BSA were introduced into CHO-K1 cells stably 

expressing EGFP-LC3B using BioPORTER under the serum-free condition for 4 h, 

then re-cultured with normal culture medium for 2 h in the presence or absence of 

Chloroquine. Cell lysates were analyzed by Western blotting with antibodies to His6 

tag, Pex14p, AOx, tubulin and NBR1. Cell lysates were also analyzed by 
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immunoprecipitation using antibody to LC3. Immunoprecipitates were assessed for 

LC3 and NBR1. 

 

Figure 5. Import defect caused by starvation initiates peroxisomal degradation. 

(A) Confocal microscopic images of CHO-K1 cells cultured under the normal (C) and 

starvation (S) conditions, respectively. Colocalizations with Pex14p of Pex5p (panels 

a-f) and PTS2 protein thiolase (panels g-l) were assessed. Scale bar, 10 µm. The 

percentages of Pex5p or thiolase positive peroxisomes were calculated. Data are 

presented as the mean ± S.D. of 3 replicates each. (B) The cytosol (cyt) and the 

membrane (mem) fractions were prepared from CHO-K1 and pex5 ZP139 cells that 

had been cultured in F12/10% FCS (C) or starved in Hank’s solution for 3 h (S) and 

were analyzed by immunoprecipitation using anti-LC3 antibody. Immunoprecipitates 

were assessed for Pex5p, Pex14p, and LC3. (C) Morphology of 

EGFP-LC3B-transfected CHO-K1 and ZP139 cells, both grown for 2 h under the 

nutrient-rich (C) (panels a-d and i-l) or the nutrient-starved (S) (panels e-h and m-p) 

conditions. Cells were stained with primary antibodies to Pex14p and Pex5p and 

secondary antibodies labeled with Alexa 568 and Alexa647, respectively. 

EGFP-LC3B was monitored by EGFP fluorescence. Scale bar, 10 µm. (D) The 

percentage of EGFP-LC3-II positive peroxisomes was calculated. Data are presented 

as the mean ± S.D. of 3 replicates. (E) Confocal microscopic images of ZP139 cells 

cultured under the normal (C) (panels a-c) and starved (S) (panels d-f) in Hank’s 

solution for 5 h, respectively. Scale bar, 20 µm (panels a-c) and 10 µm (panels d-f). 

Pex5p in ZP139 cells was quantified after the culture in the normal medium for 2 h 

and starved in Hank’s solution for 2, 4, and 6 h, respectively. LDH was used as an 

internal control. (F) Cell lysates from CHO-K1 and pex5 ZP139 cells that had been 

cultured in F12/10% FCS (C) or starved in Hank’s solution for 5 h (S5) in the 

presence of Bafilomycin A1 were analyzed by western blotting with antibodies to 

Pex5p, Pex14p and LC3. (G) GST-catalase was expressed in E. coli, purified with 

GSH-conjugated Sepharose 4B, and used for a pull-down assay. Cytosol fractions 

each from CHO-K1 cells cultured under the normal (C) and starvation (S) conditions 
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were subjected to a pull-down assay using the immobilized GST-catalase. Pex5p was 

detected by western blotting with anti-Pex5p antibody.  

 

Figure 6. NBR1 is involved in the initiation of peroxisomal degradation. 

(A) Coimmunoprecipitation assay was performed with antibodies to NBR1 and Flag 

using lysates from cultured (C) or starved (S) cells. Immunoprecipitates were assessed 

for NBR1, Pex14p, p62 and LC3 with respective specific antibodies. Input, 5% of the 

fractions used for immunoprecipitation. (B) Morphology of EGFP-LC3B-transfected 

CHO-K1 cells grown for 2 h under the conditions of normal (C) (panels a-d) and 

starvation (S) (panels e-h). NBR1 was knocked down in CHO-K1 cells by 

transfecting NBR1 siRNA at a final concentration of 100 nM for 48 h. The cells were 

then starved for 2 h (panels i-l). Cells were stained with primary antibodies to Pex14p 

and NBR1 and secondary antibodies labeled with Alexa 568 and Alexa 647, 

respectively. EGFP-LC3B was monitored by EGFP fluorescence. Scale bar, 10 µm. 

(C) The percentage of EGFP-LC3-II positive peroxisomes was calculated. Data are 

presented as the mean ± S.D. of 3 replicates.	
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