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In the filamentousfungusNeurospora crassa, glyoxysomes

and Woronin bodies coexist in the same cell. Because

several glyoxysomal matrix proteins and also HEX1, the

dominant protein of Woronin bodies, possess typical

peroxisomal targeting signals, the question arises as to

how protein targeting to these distinct yet related types of

microbodies is achieved. Here we analyzed the function of

the Neurospora ortholog of PEX14, an essential compo-

nent of the peroxisomal import machinery. PEX14 inter-

acted with both targeting signal receptors and was

localized to glyoxysomes but was virtually absent from

Woronin bodies. Nonetheless, a pex14D mutant not only

failed to grow on fatty acids because of a defect in

glyoxysomal b-oxidation but also suffered from cyto-

plasmic bleeding, indicative of a defect in Woronin body-

dependent septal pore plugging. Inspection of pex14D
mutant hyphae by fluorescence and electron microscopy

indeed revealed the absence of Woronin bodies. When

these cells were subjected to subcellular fractionation,

HEX1 was completely mislocalized to the cytosol. Expres-

sion of GFP-HEX1 in wild-type mycelia caused the staining

of Woronin bodies and also of glyoxysomes in a targeting

signal-dependent manner. Our data support the view that

Woronin bodies emerge from glyoxysomes through

import of HEX1 and subsequent fission.
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Microbodies comprise a number of multipurpose organ-

elles with essential functions including peroxisomes,

glyoxysomes, glycosomes and Woronin bodies (1,2). De-

pending on organism, cell type and metabolic need,

distinct sets of proteins are housed within microbodies.

Peroxisomes and glyoxysomes typically contain a com-

plete fatty acid b-oxidation system, with glyoxysomes

additionally harboring the key enzymes of the glyoxylate

cycle, isocitrate lyase and malate synthase (3). Glyco-

somes of the trypanosomes are typified by the presence

of enzymes engaged in glycolysis, which is a compartmen-

talized process in these species (4,5). Woronin bodies are

a characteristic of filamentous fungi; they encompass

hexagonal crystals of HEX1, the dominant protein of this

organelle (6). One established function of Woronin bodies

is the plugging of the septal pores after hyphal wounding,

which restricts the loss of cytoplasm to the sites of injury

(7–9). A hex1 mutant is more vulnerable, as cytoplasm

streams out also from neighboring, intact segments

because of the lack of hyphal sealing. This bleeding

becomes manifest in yellowish droplets, particularly when

grown on solid media promoting hyphal branching.

A single organism may house different types of micro-

bodies. During the development of plants, for instance,

germination of seedlings initially requires glyoxysomes to

degrade storage lipids via b-oxidation. Later on, glyoxy-

somes are transformed into peroxisomes through a change

in the expression pattern so as to adapt the matrix enzyme

content to the need for photorespiration. In senescing

tissue, glyoxysomes are again formed out of peroxisomes

(10). While the described transformation is controlled in

a temporal manner, Neurospora crassa and several other

filamentous ascomycetes are unique in that they usually

possess two distinct types of microbodies within a single

cell at the same time, glyoxysomes and Woronin bodies

(11,12).

Despite the differences in function, microbodies possess

basically conserved protein-import machineries. Proteins

destined to microbodies usually possess a peroxisomal

targeting signal type 1 (PTS1) at the extreme C-terminus

that is composed of the tripeptide SKL or conservative

variants thereof (13,14). A few proteins such as 3-ketoacyl-

CoA thiolase are targeted via a more N-terminal PTS2

signal (15), and some others possess neither of the two

signals (16,17). The import of matrix proteins is governed

by a set of proteins called peroxins. The soluble import re-

ceptor for PTS1 proteins, PEX5, recognizes cargo proteins
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in the cytosol and delivers them to the docking complex at

the peroxisomal membrane, with its central components

PEX13 and PEX14. Following docking, cargo protein is

translocated via an unknown mechanism. The unloaded

PEX5 is then thought to shuttle back to the cytosol,

enabled by the participation of a number of additional

peroxins (for recent reviews, see 18–22). The PTS2

receptor PEX7 is likely to run through a similar cycle with

the exception that it additionally depends on a species-

specific auxiliary factor or coreceptor, such as PEX20 in

N. crassa and several other fungi (23–26). Import of

proteins that possess neither a PTS1 nor a PTS2 depended

on PEX5 in all cases analyzed, albeit here a distinct domain

of PEX5 is used for cargo recognition (16,17,27).

This work concerns the differential protein import into

glyoxysomes and Woronin bodies in N. crassa. Because

both types of organelles harbor matrix proteins with

canonical peroxisomal targeting signals (HEX1 ends with

SRL; 7,8), their formation and maintenance requires mech-

anisms to ensure that resident proteins are sorted to the

correct organelle. Considering that the N. crassa genome

encodes only a single set of peroxins (23,28), selective

targeting of HEX1 to Woronin bodies might be achieved by

(i) a Woronin body-specific import apparatus that is unre-

lated to the typical peroxin machinery, (ii) a peroxin import

machinery that is also localized to Woronin bodies but

additionally equipped with selectivity factors or (iii) an

import into glyoxysomes and a subsequent fission of

Woronin bodies from glyoxysomes. The last mechanism

is supported by early electron micrographs (29), as well as

by recent data showing a transient colocalization of

Woronin bodies and GFP-SKL (30). However, direct evi-

dence for a common import route of HEX1 and glyoxyso-

mal matrix proteins is still lacking.

Here we characterized the PEX14 ortholog of N. crassa and

determined its role in the biogenesis of glyoxysomes and

Woronin bodies by various cell biological and biochemical

approaches. The results are discussed in terms of a model

in which the glyoxysome is the sole site of protein import

from which Woronin bodies emerge through fission.

Results

Identification and isolation of the N. crassa orthologs

of pex13 and pex14

To study the role of peroxins in the differential protein

import into glyoxysomes and Woronin bodies, the putative

Neurospora orthologs of PEX13 and PEX14 were selected

for functional analysis. These two proteins proved essen-

tial for peroxisomal matrix protein import in all species

studied so far and possess a defined role as integral

constituents of the peroxisomal docking complex. Accord-

ing to the annotated N. crassa genome at the Broad

Institute assembly 7 (31), the pex13 gene refers to locus

NCU02618.3 and pex14 to NCU03901.3. Both reading

frames are predicted to contain two introns. Amplification

of pex13 and pex14 with specific primer pairs from

genomic DNA as well as from a cDNA library confirmed

the published genome sequence as well as the number

and positions of the predicted introns (pex13—intron I: bp

56–132, intron II: bp 664–729; pex14—intron I: bp 41–120,

intron II: bp 447–502). The deduced amino acid sequences

of PEX13 and PEX14 were aligned with the orthologs from

Saccharomyces cerevisiae and Pichia pastoris using

CLUSTALW (32). PEX13 showed two regions with strong

conservation: the C-terminal SH3 domain, required for the

interaction with PEX14 and PEX5, and amino acids 164–

221, which include at least one transmembrane domain

(Figure S1). As in all PEX13 proteins, the N-terminus of

PEX13 is rich in glycine residues, but the significance of

this feature is unclear. PEX14 also showed a significant

degree of similarity with the yeast orthologs, particularly at

its N-terminus that usually binds PEX5 (Figure S2).

PEX13 and PEX14 interact with both PTS receptors

and with each other

To obtain experimental evidence for a role of the two

novel N. crassa proteins in docking, PEX13 and PEX14

were tested in a two-hybrid assay for interaction with

the import receptors. PEX14 strongly interacted with the

soluble PTS2 receptor PEX7 (23) and weakly with the

PEX7-associated PEX20 (Figure 1A). As observed in

S. cerevisiae and mammals (33–35), PEX13 also inter-

acted with PEX7 and its SH3 domain showed binding

toward PEX20 (Figure 1B). The endogenous PTS1 import

receptor PEX5 remains to be cloned, but interactions

of PEX14 and PEX13 were detected with PEX5 from

S. cerevisiae (Figure 1A,B). The two-hybrid data there-

fore suggested that both Neurospora proteins are able to

bind the PTS1 and PTS2 import receptors and indeed

represent the N. crassa orthologs of PEX13 and PEX14.

PEX14 is also known to interact with the SH3 domain of

PEX13 (36–38). Because this interaction was only passably

emulated by the Neurospora orthologs in the two-hybrid

system (Figure 1C), a complementary approach was add-

itionally used. A hexahistidine-tagged version of PEX14 was

overexpressed in N. crassa and isolated from detergent-

solubilized membranes by affinity chromatography. The

presence of PEX13 and PEX14 in the respective samples

was then analyzed by immunoblotting using specific anti-

bodies that had been generated against the recombinant

proteins (Figure S3). A significant fraction of PEX13 coeluted

with His6-PEX14 (Figure 2). This was not the case for the

mitochondrial membrane protein TIM23 and the dominant

Woronin body protein HEX1. Furthermore, PEX13 did not

elute when solubilized wild-type membranes were applied

to the column (Figure 2). Thus, binding of PEX13 to PEX14

appeared specific, consistent with previous reports show-

ing that a fraction of PEX13 associated with purified PEX14

from mammals (38–40) and yeast (41,42).

688 Traffic 2007; 8: 687–701

Managadze et al.



PEX13 and PEX14 are localized to glyoxysomes

To determine the subcellular localization of the two

N. crassa peroxins, a post-nuclear supernatant (PNS)

obtained from an N. crassa wild-type strain was subjected

to differential centrifugation at 27 000 � g to sediment

heavy organelles including mitochondria and glyoxysomes,

followed by a 200 000 � g centrifugation step to sediment

light vesicles, particularly the microsomal fraction. As

expected, the inner mitochondrial membrane marker

Figure 1: Interactions of Neurospora crassa PEX13 and

PEX14 with PTS import receptors by yeast two-hybrid analy-

sis. A) Analysis of PEX14 interactions. PEX14 was fused to the

GAL4-binding domain (Gal4-BD) and tested for interaction with

GAL4-activation domain (Gal4-AD) fusions of PEX7, PEX20 and

Saccharomyces cerevisiae PEX5 (ScPEX5). The indicated plasmid

combinations were cotransformed into the two-hybrid strain PJ69-

4a, with empty pPC86 (Gal4-AD) or pPC97 (Gal4-BD) serving as

negative control. Two independent transformants were tested for

prototrophy on histidine adenine double-dropout plates. B) Analy-

sis of interactions of PEX13 or its SH3 domain. The respective

GAL4-binding domain fusions were similarly tested for interaction

with the import receptors. C) Test for interaction of PEX14 with

the SH3 domain of PEX13.

Figure 2: Association of PEX13 with PEX14. A Neurospora

crassa wild-type strain expressing a His6-tagged variant of

PEX14 was analyzed for the presence of PEX13 in the eluate of

His6-PEX14 that had been selectively enriched through a Ni-NTA

column. The top panel shows a Coomassie-stained gel of the

purification. In the middle panel, proteins were identified via

immunoblotting using antisera against PEX14, PEX13, HEX1,

and TIM23. For the immunological detection of His6-PEX14,

samples were diluted 10-fold. A fraction of PEX13 selectively

coeluted with His6-PEX14. The bottom panel shows the immuno-

logical analysis of the control purification using wild-type extract

(Wt). The eluatewas devoid of PEX13. Note that a small amount of

native PEX14 was retained on the Ni-NTA column, likely through

unspecific interaction. PNS, post-nuclear supernatant; 100K I,

100 000 � g centrifugation of the PNS; 100K II, 100 000 � g

centrifugation after solubilization of the 100K I pellet with 1%

digitonin; S, supernatant; P, pellet; FT, flow through; Wash,

washing buffer containing 15 mM or 25 mM imidazol; Elution (with

three 2-ml fractions), elution buffer containing 150 mM imidazol.
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protein AAC2 was recovered exclusively in the 27 000 � g

organellar pellet, and the majority of the cytosolic tubulin

was detected in the 200 000 � g supernatant fraction

(Figure 3A). PEX14 was predominantly observed in the

27 000� g pellet but also in the 200 000� g pellet fraction,

whereas PEX13 was only recovered from the 27 000 � g

pellet fraction. This result indicated that PEX13 and PEX14

are indeed localized to membrane-bound structures; it

further suggested that PEX14 is additionally present in

lower density vesicles.

To pursue this in more detail, the distribution of PEX13 and

PEX14 was analyzed in a Nycodenz gradient that allows

a clear separation of mitochondria from glyoxysomes. For

this, a PNS from oleic acid-induced N. crassa wild-type

hyphae was loaded on such a gradient (10–35%, w/v) and

separated by centrifugation. PEX14 entered the gradient

with its peak fraction at a density of 1.18 g/mL (Figure 3B).

The mitochondrial marker protein TIM23 showed a distinct

distribution (peak fraction at 1.13 g/mL), indicating that

Figure 3: Subcellular localization of PEX13 and PEX14.

A) Differential centrifugation. A PNS from Neurospora crassa

wild-type mycelia was separated by consecutive centrifugation

at 27 000 � g (27K) and 200 000 � g (200K). In all, 50 mg of the

resulting pellet (P) and supernatant (S) fractions were loaded on

a gel and subjected to Western blot analysis. The distribution of

PEX14, PEX13, mitochondrial AAC2 and cytosolic tubulin was

determined with appropriate antibodies. B) Nycodenz density

gradient centrifugation. A PNS from oleic acid-induced N. crassa

wild-type mycelia was loaded on top of a linear Nycodenz density

gradient (10–35%, w/v) and subjected to centrifugation at 40 000

� g for 2 h. Fractions were collected from the bottom (fraction 1)

to the top and were assayed byWestern blot for the distribution of

PEX14, PEX13 and glyoxysomal (multifunctional b-oxidation

enzyme FOX2 and malate synthase MLS1) and mitochondrial

(TIM23) marker enzymes. The densities of the peak glyoxysomal

(Glyox.) and mitochondrial (Mito.) fractions, as well as that of an

additional PEX14 peak appearing at lighter fractions, are indicated.

C) Sucrose density gradient centrifugation. A PNS of oleic acid-

inducedN. crassawild-type mycelia was subjected to 30–60% (w/

w) sucrose density gradient centrifugation at 40 000 � g for 2 h.

One-milliliter fractions were collected from the bottom (fraction 1)

to the top and analyzed for the distribution of PEX14, PEX13, the

glyoxysomal markers isocitrate lyase ICL1, MLS1 and FOX2, as

well as the Woronin body marker protein HEX1. TIM23 served as

mitochondrial marker. The densities of the peak fractions of

Woronin bodies (Wor. bod.), glyoxysomes and mitochondria are

indicated. D) Woronin body purification. A heavy organelle fraction

(10K) obtained from a PNS of sucrose-grown wild-type mycelia

was resuspended, layered on top of a 52% sucrose cushion and

subjected to density barrier centrifugation at 48 000 � g for 1 h.

The resulting Woronin body-enriched pellet (48KP) was again

resuspended and subjected to sucrose density gradient centrifu-

gation as described under (C). Shown are the gradient fractions

2–5 (Grad Centr.), withHEX1 being concentrated in fractions 3 and 4.

These fractions were devoid of the mitochondrial ATP/ADP carrier

AAC2 and glyoxysomal FOX2 and PEX13, and contained only

minute amounts of PEX14. Proteins present in fractions 3 and 4

were also visualized by Coomassie staining.
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PEX14 was not localized to mitochondria. Rather, PEX14

cosedimented with the glyoxysomal marker proteins ma-

late synthase (MLS1) and the multifunctional enzyme

(FOX2). Similar results were obtained for PEX13. While

this congruent distribution demonstrated that PEX13 and

PEX14 localize to glyoxysomes, a second peak at lighter

densities (1.10 g/mL) was noted for PEX14 and FOX2.

Because of the appearance of glyoxysomes almost at the

very end of the gradient, the Woronin bodies did not

separate well from glyoxysomes in Nycodenz gradients

even though they are significantly denser. For their sep-

aration, a sucrose density gradient (30–60%, w/w) was

performed. Mitochondrial TIM23 peaked at a density of

1.17 g/mL and the glyoxysomal marker proteins MLS1,

ICL1 and FOX2 were all detected at the expected density

of mature glyoxysomes (1.20 g/mL) and to varying extents

also in lighter fractions (Figure 3C). The dominant Woronin

body protein HEX1 was detected at a peak density of

1.23 g/mL, demonstrating that these organelles were

clearly separated from glyoxysomes. As expected already

from the distribution of PEX14 in the Nycodenz gradient,

a significant portion of PEX14 cosedimented with the

glyoxysomal marker proteins and the rest was recovered

from lighter fractions. PEX13 was also present in the

glyoxysomal fractions, albeit a shift in the peak density to

lighter fraction was noted. Remarkably, the peak Woronin

body fraction was apparently devoid of PEX13 and PEX14.

To corroborate this, Woronin bodies were enriched by

a multistep procedure. A 10 000 � g pellet fraction of

a PNS from sucrose-grown wild-type hyphae was resus-

pended and subjected to sedimentation through a dense

sucrose cushion to remove the majority of glyoxysomes

and mitochondria. The pellet was resuspended, and the

Woronin bodies contained in this pellet were further

purified by sucrose density gradient centrifugation. The

immunoblots in Figure 3D show the selective enrichment

of Woronin bodies: HEX1 was recovered from gradient

fractions 3 and 4, while mitochondrial AAC2, glyoxysomal

FOX2 and PEX13 were virtually absent in these samples.

The very weak signal obtained for PEX14 indicated that

minute amounts of this peroxin were present in Woronin

bodies but at the same time suggested that PEX14 is

dispensable for the function of mature Woronin bodies.

This observation raised the question whether the import of

HEX1 into Woronin bodies is at all dependent on PEX14.

A pex14 deletion strain exhibits microbody-specific

defects

The role of PEX14 in the biogenesis of glyoxysomes and

Woronin bodies was analyzed by using a pex14 knockout

strain. The strain exhibited clear macroscopic abnormal-

ities. When grown on solid Vogel’s minimal medium

(VMM) containing 2% sucrose, yellow to orange-colored

droplets appeared, indicative of a substantial loss of

cytoplasm and reminiscent of the phenotype of a hex1RIP

mutant. A direct comparison of the two mutants revealed

that egression of cytoplasm was more pronounced for the

pex14D strain (Figure 4A). Another striking feature of the

pex14Dmutant was its inability to form macroconidia from

aerial hyphae.

A defect in the biogenesis of microbodies should result in

an inability to degrade fatty acids because long-chain fatty

acids are thought to be exclusively degraded within

glyoxysomes of N. crassa (3). Indeed, pex14D hyphae

failed to grow in the presence of oleic acid, whereas the

hex1RIP mutant grew well (Figure 4B,C). The latter strain

also exhibited a morphological phenotype on these plates.

In contrast to the wild-type colony, which formed periodic

zones of conidiated hyphae as a consequence of its

circadian clock (43,44), the hex1RIP mutant grew as a

continuous and flat mycelium (Figure 4B). Tergitol NP-40,

the detergent used to solubilize the fatty acid, allowed

some flimsy growth of all strains tested (not shown),

indicating not only that the pex14D mutant was unable to

use oleic acid but also that the fatty acids actively inhibited

growth.

The specificity of this growth defect was further supported

by the ability of the pex14D mutant to grow on the

nonfermentable C2-carbon source ethanol (Figure 4C).

Finally, despite strong differences in mycelia densities,

growth rates of the mutant strains were comparable to

that of the wild type on solid sucrose-containing VMM

(Figure 4C). In summary, the observed phenotype of the

mutant, particularly bleeding and an inability to use fatty

acids, was in agreement with a function of PEX14 in the

biogenesis of both Woronin bodies and glyoxysomes.

The peroxin PEX2 (previously dubbed PAF1) was reported

to be essential for sexual development of the filamentous

ascomycete Podospora anserina (45). To test whether this

is also the case in N. crassa, strains of opposite mating

type but homozygous for the pex14D deletion were

crossed and inspected for the formation of perithecia.

Fruiting bodies did not emerge from the cross, whereas in

the wild-type control, macroscopic, discernible, black

spots representing perithecia were abundant (Figure 4D).

Crossing the mutant with the wild-type strain further

revealed that pex14D strains are fertile as male parents,

but are female sterile. These observations demonstrated

that microbodies are important for sexual development in

N. crassa.

Woronin bodies are absent in pex14D hyphae

The ultrastructure of N. crassa hyphae was examined for

the appearance of hexagonal Woronin bodies. In oleic acid-

induced wild-type hyphae, both glyoxysomes and electron-

dense hexagonal structures typified as Woronin bodies

were discernible (Figure 5A). Occasionally, a Woronin

bodywas foundwithin the septal pore (Figure 5B). Immuno-

gold labeling with the anti-HEX1 antibody demonstrated

that HEX1 is located within Woronin bodies (Figure 5C),
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whereas glyoxysomes remained unstained. By contrast,

anti-FOX2 antibodies recognized the multifunctional

enzyme exclusively in glyoxysomes (Figure 5D), thereby

demonstrating that there is virtually no overlap in the

targeting of cargo proteins to the two related organelles.

Because the pex14D strain did not survive the incubation

on oleic acid, its ultrastructure was determined from

ethanol-grown cells. As control, the hex1RIP strain lacking

functional Woronin bodies was also analyzed. Most import-

antly, hyphae of neither strain possessed hexagonal

Woronin bodies (Figure 5E–H). Notably, in both mutant

strains electron-dense material was clearly discernible

around some of the septal pores (Figure 5G,H). This mater-

ial is likely to represent deposition plugs able to occlude

septa in a Woronin body-independent manner in older, yet

intact, hyphae (46). Finally, typical glyoxysomes were also

absent from the pex14D mutant (Figure 5E,G), whereas

they did appear in the hex1RIP mutant (Figure 5F,H). The

micrographs thus supported the view that PEX14 controls

the biogenesis of both Woronin bodies and glyoxysomes.

Mislocalization of matrix proteins from Woronin

bodies and glyoxysomes in pex14D cells

To determine the distribution of organellar marker proteins

in the pex14D strain, PNS was prepared from hyphae

grown on sucrose, where pex14D cells are viable and

subjected to differential centrifugation. To preferentially

sediment Woronin bodies at lower speed, 5000, 10 000,

25 000 and 100 000 � g centrifugation steps were used.

From the wild-type extract, HEX1 was recovered pre-

dominantly in the 5000 and 10 000 pellet fractions,

whereas ICL1, MLS1 and FOX2 were distributed between

various pellets, probably reflecting glyoxysomal popu-

lations of varying densities (Figure 6A). In an extract

obtained from the pex14D strain, HEX1 and MLS1 were

exclusively found in the supernatant (Figure 6B). By con-

trast, ICL1 and FOX2 were additionally detected in the

25 000 and 100 000 pellet fractions. To substantiate the

observed protein import defect, PNS prepared from

sucrose-grown wild-type or pex14D hyphae was sub-

jected to density gradient centrifugation. Both strains

showed a comparable distribution of mitochondrial

TIM23 (Figure 6C,D). HEX1 peaked at a density typical

for Woronin bodies in the wild-type strain but was found

exclusively in the upper fractions representing cytosol in

the pex14D mutant. In the latter strain, the glyoxysomal

MLS1 also did not enter the gradient, whereas a significant

portion of ICL1 was present in denser fractions.

The observed import defect for HEX1 was also analyzed by

a protease protection assay. For this, PNS prepared from

Figure 4: Effect of a pex14D deletion onWoronin body and glyoxysomal functions. A) Loss of cytoplasm upon growth on solid agar

medium. A small piece of agar with mycelia from a wild-type strain, the pex14D mutant or the Woronin body mutant hex1RIP was

transferred to the edge of a new plate composed of VMM supplemented with 2% sucrose. Prior to recording, plates were incubated at

308C for 4 days. Insets show a 12-fold magnification of the marked sections of the plates. Arrows denote liquid droplets, representing

cytoplasm that had streamed out of damaged hyphae. B, C) Test for growth on fatty acids as sole carbon source. Mycelia from the same

strains were applied to sucrose-, ethanol-, or oleic acid-containing VMM plates as described in (A) and incubated for 4 days at 308C. Shown

are (B) the oleic acid plates after 4 days and (C) the determined average growth rates (cm/h). The pex14D strain was specifically impaired

for growth on oleic acid. D) Formation of perithecia. For crossing, the female partner strains (upper line) were grown in test tubes on

synthetic crossing medium for 4 days. Subsequently, mycelium of the male partner (lower line) was added on a small piece of agar and the

tubes were incubated until perithecia became visible for the wild-type cross. The arrow denotes perithecia covering the agar slice.
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the wild-type and the pex14D mutant were treated with

proteinase K, either in the absence or in the presence of

detergent. In the wild-type extract, HEX1 and glyoxysomal

FOX2 were protected from the protease but not when the

integrity of the membranes was destroyed by Triton-

X-100, indicating that the analyzed proteins were localized

in a membrane-bound compartment (Figure 6E). In case

of the pex14D extract, HEX1 was degraded even without

Figure 5: Ultrastructure of Woronin bodies and

glyoxysomes and the role of PEX14 in their bio-

genesis.Mycelia of a wild-type (A–D), a pex14D (E, G)

and a hex1RIP (F, H) mutant strain were grown in

medium containing oleic acid (A–D) or ethanol (E–H)

as sole carbon source and processed for electron

microscopy. A) Typical morphology of a wild-type cell.

B) A Woronin body plugging the septal pore. C, D)

Specific, mutually exclusive staining of Woronin

bodies and glyoxysomes with anti-HEX1 (C) and anti-

FOX2 (D) antibodies, used in combination with gold-

conjugated goat anti-rabbit antiserum. E–H) Absence

of Woronin bodies from pex14D (E, G) and hex1RIP

(F, H) mutants. E, G) Absence of mature glyoxysomes

from the pex14D mutant. G, H) Woronin body-

independent appearance of electron-dense material

in septal pores. ER, endoplasmic reticulum; G, glyoxy-

some; Lb, lipid body; M, mitochondria; N, nucleus; S,

septum; Wb, Woronin body. Bar ¼ 1 mm.

Traffic 2007; 8: 687–701 693

PEX14 controls two types of microbodies



adding detergent, thereby corroborating its cytosolic local-

ization in the absence of PEX14 (Figure 6F). A similar

picture was obtained for FOX2, albeit the protein was

degraded more slowly in the absence of Triton-X-100.

Finally, the localization of HEX1 and several glyoxysomal

marker proteins was determined by immunofluorescence

analysis. Antibodies against PEX14 gave rise to a punctate

staining pattern in the wild-type strain (Figure 7), whereas

only a weak diffuse staining was achieved in case of the

pex14D mutant that did not differ much from background

staining. HEX1 localized to a few large punctate structures

in the wild type but was dispersed throughout the cytosol

in the absence of PEX14, suggesting that Woronin body

formation is entirely dependent on this peroxin. Visualiza-

tion of the glyoxysomal matrix protein FOX2 in wild-type

hyphae led to a punctate staining pattern that changed in

pex14-deficient hyphae to a largely cytosolic staining

in accord with a role for PEX14 in the targeting of glyoxy-

somal FOX2. Finally, a punctate staining was achieved for

the membrane protein PEX13 in both the wild-type and the

pex14D mutant strain (Figure 7), suggesting that PEX14 is

not involved in the targeting of glyoxysomal membrane

proteins.

PTS1-dependent targeting of HEX1 to Woronin

bodies and glyoxysomes

Because PEX14 was required for the targeting of HEX1

although it was virtually absent from Woronin body mem-

branes, topogenesis of HEX1 might require preceding

import into glyoxysomes. To analyze this, a green fluores-

cent protein (GFP) fusion of HEX1 was expressed from the

ccg1 promoter in a wild-type strain. Detection of the fusion

protein by Western blot revealed that it had the expected

size of approximately 47 kDa, with an expression level

below that of endogenous HEX1 (Figure S4). It has been

shown recently that expressing hex1 from the ccg1 pro-

moter that is most active in basal regions of a colony

suffices to provoke Woronin body formation in these

regions, although Woronin bodies typically emerge in

apical regions of hyphae (30). GFP-HEX1 gave rise to large

spots that colocalized with Woronin bodies as seen in

Figure 6: Subcellular distribution of

matrix proteins in a pex14D mutant.

A, B) Differential centrifugation. PNS ob-

tained from sucrose-grown mycelia of

a wild-type (A) and pex14D (B) strain were

subjected to differential centrifugation at

1000 � g (1K), 5000 � g (5K), 10 000 � g

(10K), 25 000 � g (25K) and 100 000 � g

(100K). Equal portions of each pellet and

the final 100 000� g supernatant (100KS)

were processed for Western blot analy-

sis. Appropriate antibodies were applied

to determine the distribution of HEX1,

MLS1, ICL1 and FOX2. C, D) Sucrose

density gradient centrifugation. Extracts

from a wild-type (C) and pex14D (D) strain

grown on sucrose as sole carbon source

were loaded on top of a 30–60% (w/w)

sucrose density gradient and subjected to

centrifugation at 40 000 � g for 2 h. One-

milliliter fractions were collected from the

bottom (fraction 1) to the top and analyzed

for the distribution of HEX1, glyoxysomal

MLS1 and ICL1 as well as mitochondrial

TIM23. The densities of peak fractions,

indicated by arrows, are also denoted.

The PTS1 proteins HEX1 and MLS1 were

mislocalized to the cytosol in the pex14D

mutant. E, F) Protease protection assay.

PNS of wild-type (E) and pex14D (F) strain

were treated with 100 mg/mL proteinase

K and incubated on ice. As control, Triton-

X-100 was additionally added. At the

indicated time-points, aliquots were

removed and subjected to Western blot

analysis.
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bright-field microscopy (Figure 8A). Fluorescent spots

were also localized to septal pores (Figure 8B), likely

capturing the event of septum clogging after hyphal

wounding. The observed subcellular localization therefore

indicated that the fusion protein was properly targeted. In

a significant number of cells, smaller green spots were

additionally observed that did not colocalize with discern-

ible mature Woronin bodies (Figure 8A,C) and thus might

represent Woronin body precursor structures.

Removing the C-terminal tripeptide SRL of HEX1, a canon-

ical PTS1, gave rise to a diffuse fluorescence pattern and

even Woronin bodies plugging the septal pore were not

stained (Figure 8D). Because the smaller spots also van-

ished in the absence of HEX1’s C-terminal three amino

acids, targeting of HEX1 to Woronin bodies was entirely

dependent on its canonical PTS1. This is likely to require

recognition by the PTS1 receptor PEX5. Indeed, full-length

HEX1 interacted with yeast PEX5 in a two-hybrid assay

(Figure 8E). To find out whether the small GFP-HEX1-

labeled spots represent glyoxysomes, double-immuno-

fluorescence microscopy was used. A limited overlap

was indeed observed for GFP-HEX1 and PEX14 (Figure 8F).

Besides that, the PEX14 antibody occasionally stained

foci from where the Woronin bodies seemed to emanate.

The subcellular localization of GFP-HEX1was also analyzed

via density gradient fractionation using PNS from oleic

acid-induced hyphae. Localization of the fusion protein to

Woronin bodies was confirmed as it clearly cosedimented

with endogenous HEX1 (Figure 9). By contrast to the

endogenous HEX1, a significant fraction of GFP-HEX1

cosedimented with the glyoxysomal marker proteins

FOX2 and PEX14, in line with an import of GFP-HEX1 also

into glyoxysomes. The observed dual location of GFP-

HEX1 therefore suggested that topogenesis of HEX1

indeed occurs through this organelle.

Discussion

Microbodies are ubiquitous multipurpose organelles

whose specialization can lead to the development of

diverse organelles. Filamentous ascomycetes possess

within a single cell two such compartments with a com-

pletely different matrix protein content, glyoxysomes and

Woronin bodies. Here we show that the biogenesis of both

types of organelles depends on the peroxin PEX14,

a central component of the peroxisomal matrix protein

import machinery.

The absence of functional glyoxysomes was inferred from

the inability of pex14D mutants to grow on oleic acid as

sole carbon source. A defect in peroxisome biogenesis

usually results in a failure to degrade those fatty acids that

are substrates for the peroxisomal b-oxidation system (47),

which is only able to exert its function within peroxisomes.

The non-growth phenotype of the pex14D mutant on oleic

acid therefore supports the notion that N. crassa degrades

fatty acids only within glyoxysomes (3). In apparent con-

trast, its close relative Aspergillus nidulanswas suggested

to possess an additional mitochondrial b-oxidation system

that contributes to the degradation of oleic acid (48).

The pex14D mutant also suffered from losing cytoplasm

on sucrose-containing VMM plates. This was probably

because of the absence of Woronin bodies, which would

normally seal septal pores in case of hyphal injury. Cyto-

plasmic bleeding has been described for the Woronin

body-deficient hex1RIP strain on sorbose plates (7,8),

where hyphal branching, and as a consequence hyphal

damage, is enhanced. Our notion that both the hex1RIP as

well as the pex14Dmutant already showed some bleeding

on sucrose-containing plates indicated that even infre-

quent branching imposes problems to a colony lacking

Woronin bodies.

From the outset it appeared plausible that PEX14 is

essential for the protein import into glyoxysomes but not

into Woronin bodies or vice versa. However, both glyoxy-

somal malate synthase as well as the dominant protein of

the Woronin body, HEX1, were completely mislocalized in

the absence of PEX14. Thus, the same import machinery

acts upon matrix proteins destined to either of the two

organelles, thereby corroborating the relatedness of

Figure 7: Role of PEX14 in the localization of HEX1 and

glyoxysomal marker proteins. Wild-type and pex14D hyphae

grown in minimal sucrose-containing medium were processed for

indirect immunofluorescence microscopy with rabbit antibodies

against PEX14, HEX1, FOX2 and PEX13. As a negative control, the

primary antibody was omitted (no ab). The secondary antibody

used was Alexa Fluor 594-labeled anti-rabbit IgG. Bar ¼ 5 mm.
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Woronin bodies with microbodies (49). At the same time,

these observations excluded PEX14 as a selectivity factor

that would establish the two distinct compartments

within a cell. Inactivation of the peroxisomal protein

import machinery in Arabidopsis thaliana through deletion

of pex14 likewise revealed that the same import machin-

ery is used for glyoxysomes, leaf peroxisomes and un-

specialized peroxisomes (50). In this case, however, the

Figure 8: Subcellular localization of

GFP-HEX1 and the role of its C-terminal

tripeptide. A–D) Neurospora crassa wild-

typemycelia expressing GFP-HEX1, grown

in minimal sucrose-containing medium,

were scrutinized for GFP-dependent fluor-

escence and the appearance of Woronin

bodies through light microscopy. Arrows

indicate septa with Woronin bodies in

proximity. Open arrowheads mark Woro-

nin bodies, whereas closed arrowheads

denote smaller spots that do not colocalize

with mature Woronin bodies and presum-

ably represent glyoxysomes. A, B) Coloc-

alization of GFP-HEX1 with Woronin

bodies. C) Appearance of GFP-HEX1 in

Woronin bodies and in smaller spots. D)

Dependence of GFP-HEX1 targeting on its

C-terminal SRL tripeptide (GFP-

HEX1DSRL). In (B) and (D), a Woronin body

has plugged the septal pore in response

to an injury of the right segment. E) Inter-

action of HEX1 with the PTS1 receptor

ScPEX5 in a two-hybrid assay. The indi-

cated plasmid combinations were analyzed

as described for Figure 1. F) Double label-

ing of GFP-HEX1 and PEX14. The GFP-

HEX1-expressing strain was subjected to

double-immunofluorescence microscopy

to localize GFP-HEX1 in tandemwith glyox-

ysomal PEX14. Detection was achieved

with mouse monoclonal antibodies against

GFP combined with rabbit anti-PEX14 anti-

bodies. The secondary antibodies used

were Alexa Fluor 488-labeled anti-mouse

IgG and Alexa Fluor 594-labeled anti-rabbit

IgG. Closed arrowheads denote spots with

an apparent colocalization of GFP-HEX1

and PEX14, whereas open arrowheads

indicate PEX14-labeled foci that are asso-

ciated with Woronin bodies. DIC, differen-

tial interference contrast; Bar ¼ 5 mm.
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different kinds of microbodies are converted into one

another through the co-ordinated expression (and degra-

dation) of distinct sets of proteins in dependence of the

developmental state and tissue type and are not encoun-

tered in a cell at the same time.

The essential role of PEX14 in the topogenesis of HEX1 is

remarkable insofar as neither PEX14 nor PEX13 was

localized to Woronin bodies in appreciable amounts. As

a consequence, Woronin bodies are probably not import-

competent and constitute dead-end organelles. This may

ensure that once formed, Woronin bodies are unable to

import glyoxysomal matrix proteins. Such an exclusion of

unscheduled proteins from Woronin bodies would also

serve to maintain this specialized organelle concomitantly

with glyoxysomes.

To understand howWoronin bodies are differentiated from

glyoxysomes, the role glyoxysomes play in the topogene-

sis of HEX1 must be considered. Jedd and Chua (8)

reported that a GFP fusion of HEX1 targets to peroxisomes

of S. cerevisiae (an organism lacking Woronin bodies) in

a PTS1-dependent manner. We show in this work that the

C-terminal tripeptide SRL of HEX1 also works in the native

context as it proved essential to direct GFP-HEX1 to

mature Woronin bodies. The fluorescence-labeled organ-

elles were found at the cell periphery or, in case of a hyphal

burst, at the septal pore, which was in agreement with the

observations made with a DsRed2-HEX1 fusion protein in

Aspergillus oryzae (51). We found evidence that the fusion

protein also localized to glyoxysomes: in addition to the

large punctate structures that were congruent with Wor-

onin bodies, small spots were discernible, some of which

colocalized with PEX14. In the absence of HEX1’s

C-terminal tripeptide also these small spots vanished.

Furthermore, in a density gradient, a portion of GFP-HEX1

was detected in the fractions of glyoxysomal marker pro-

teins. Although it remains possible that GFP-HEX1 was

mistargeted to glyoxysomes because of its ectopic

expression, it is more likely that the observation made

reflected a transient glyoxysomal residence of HEX1 en

route to Woronin bodies.

Pioneer electron microscopic analysis of the filamentous

fungus Fusarium oxysporum recorded the formation of

bulges from microbodies that were filled with an electron-

dense matrix. The eventual separation of this inclusion

(i.e. the formation of Woronin bodies) was suggested to

occur by an exocytotic mechanism (29). More recently,

transient association of the synthetic glyoxysomal marker

protein GFP-SKL with core Woronin bodies was seen

under the light microscope (30). These hybrid organelles

were subject to an apparent fission of the Woronin body

from theGFP-SKL-marked vesicles.We noted that endogen-

ous HEX1 was virtually absent from glyoxysomal frac-

tions, indicating that such hybrid organelles are short-lived

entities. By contrast, the GFP-HEX1 fusion was readily

detectable in these fractions. We theorize that the GFP

moiety adversely affected the crystallization or condensa-

tion of GFP-HEX1 within glyoxysomes, thereby fortuit-

ously slowing down the formation of Woronin bodies.

The occasional appearance of PEX14-labeled foci close to

GFP-HEX1-containing Woronin bodies supports this idea.

Taken together, all experimental evidence can be recon-

ciled with the formation of Woronin bodies through a pre-

ceding import of HEX1 into glyoxysomes. Because in this

case HEX1 and possibly other Woronin body-specific

proteins need to be separated from resident proteins

within glyoxysomes, a search for factors that selectively

promote this process could be a promising approach.

Of interest, the pex14D mutant appeared to exhibit

a differential import defect in that the PTS1 proteins

HEX1 and MLS1 were exclusively detected in the cytosol,

whereas FOX2 and ICL1, both of which lack a typical PTS,

were also detected in organellar fractions. The largely

diffuse labeling seen for FOX2 in pex14 cells, however,

argues against a significant glyoxysomal import at least of

Figure 9: Subcellular distribution of

GFP-HEX1 in oleic acid-induced cells.

Extract of oleic acid-induced Neurospora

crassamycelia expressing GFP-HEX1 was

subjected to 30–60% (w/w) sucrose den-

sity gradient centrifugation at 38 000 � g

for 2 h. One-milliliter fractions were col-

lected from the bottom (fraction 1) to the

top and analyzed for the distribution

of GFP-HEX1, endogenous HEX1, glyoxy-

somal PEX14 and FOX2, as well as

mitochondrial TIM23 by Western blot.

GFP-HEX1 was detected with antibodies

against HEX1 (top panel) and GFP (bottom

panel). The peak fractions of Woronin

bodies, glyoxysomes and mitochondria

are indicated. GFP-HEX1 was dually local-

ized to Woronin bodies and glyoxysomes.
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this matrix protein. Whether import of PTS2 proteins

depends on PEX14 remains to be determined; the

observed interaction of PEX14 with the PTS2 receptor

PEX7 in the two-hybrid assay suggests that this is indeed

the case.

A last point that warrants discussion is the observed

presence of glyoxysomal vesicles of heterogeneous den-

sity and protein composition. Whereas all tested marker

proteins sedimented with the mature, high-density glyoxy-

somes, particularly PEX14 was also present in lighter

fractions. In Yarrowia lipolytica, two light peroxisomal

precursor vesicles with distinct sets of matrix proteins

were isolated that eventually fuse in the process of

peroxisome maturation (52,53). We speculate that such

pools of glyoxysomal precursor vesicles also exist in

N. crassa. In light of the rather prominent appearance of

such vesicles, N. crassa could be also well suited to test

whether peroxisomes indeed emanate through budding

from the endoplasmic reticulum, a hypothesis that gained

weight by a number of recent studies (54–57).

In summary, we have shown here that the typical perox-

isomal import machinery is used for the import of HEX1

and that the absence of a single component of this

machinery prevents the formation of functional glyoxy-

somes and Woronin bodies. The virtual absence of perox-

ins in Woronin bodies together with the observation that

HEX1 was also imported into glyoxysomes supports at the

molecular level the view thatWoronin bodies emerge from

glyoxysomes by fission.

Materials and Methods

Strains and culture conditions
Neurospora crassa strains FGSC 987 (St Lawrence 74-OR23-1A, mat A),

FGSC 988 (St Lawrence 74-OR8-1a,mat a), FGSC 6103 (N623, his-3 mat A),

FGSC 8612 (hex1RIP mat a) and the pex14D gene deletion strains FGSC

11304 (pex14::hph mat A) and FGSC 11305 (pex14::hph mat a) were

obtained from the Fungal Genetics Stock Center (Kansas City, KS, USA).

The last two strains were generated in the course of the Neurospora Gene

Knockout Project (58). Correct replacement of pex14 by the hygromycin

resistance gene (hph) cassette was verified by polymerase chain reaction

(PCR) using primer pair RE571/572.

Strains expressing eGFP-HEX1 (Nc18) or eGFP-HEX1DSRL (Nc22) were

generated by integration of the linearized plasmids pCW15 and pCW18,

respectively, into the his-3 locus of strain N623 by homologous recombi-

nation, followed by a screening of prototrophic Hisþ transformants for

expression of the respective eGFP fusion protein by immunoblotting. The

strain ectopically expressing His6-PEX14 (Nc3) was generated by trans-

formation of wild-type strain 74-OR23-1A with linearized plasmid pMAR24,

followed by a screening of BASTA-resistant colonies for the overexpression

of His6-PEX14.

All manipulations including crossing were carried out according to standard

techniques for N. crassa (59). For growth in liquid medium, strains were

inoculated with 105 conidia/mL (or in the case of the pex14D mutant with

small mycelia-containing pieces of agar) in VMM supplemented with 2%

sucrose (w/v) and shaken (100 rpm) at 308C for 24 h. For the induction of

glyoxysomes, hyphae were harvested by filtration, shifted to VMM

supplemented with 2% (v/v) ethanol or 3 mM oleic acid plus 0.1% (w/v)

Tween-40 and shaken for another 12 h.

For growth tests, small pieces of mycelia 0.5 cm in diameter were

inoculated at the edge of large Petri dishes. VMM was supplemented with

2% sucrose, 2% ethanol or 0.1% oleic acid plus 0.05% Tergitol NP-40

(Sigma-Aldrich, St Louis, MO, USA) as carbon sources. The plates were

incubated at 308C for up to 4 days with alternating light (10 h) and dark (14 h)

periods. To determine the average growth rate, the growth fronts were

marked every 2 h within the 10-h light periods.

The S. cerevisiae wild-type strain UTL-7A and the otherwise isogenic

pex14D mutant (36), as well as the two-hybrid strain PJ69-4a, obtained

from P. James, Madison, and used, for instance, in Rottensteiner et al. (60),

have been described. Escherichia coli strain DH5awas used for all plasmid

amplifications and isolations. Standardmedia for the cultivation of yeast and

bacterial strains were prepared as described (61).

Plasmids and cloning procedures
All plasmids and oligonucleotides used are listed in Table S1. The cDNAs of

pex7, pex13, pex14 and hex1 were amplified from an N. crassa cDNA

library by PCR. The open reading frames of pex13 (NCU02618.3) and pex14

(NCU03901.3) were adopted from the prediction by Assembly 7 of the

Neurospora genome sequence (http://www.broad.mit.edu/annotation/

fungi/neurospora_crassa_7/index.html). The respective genomic DNA

segments were similarly amplified, but with DNA isolated from wild-type

strain 74-OR23-1A as a template. Genes or gene fragments were cloned

into the various expression vectors using the restriction sites and primer

pairs as indicated in Table S1. The identities of all PCR-generated fragments

were verified by automated sequencing (MWG-BIOTECH AG, Ebersberg,

Germany).

Generation and usage of antisera
Antibodies against GFP (60), S. cerevisiaeMls1p (62), A. gossypii Icl1p (63),

N. crassa FOX2 (64), TIM23 (65), HEX1 (8) and AAC2 (66) have been

described. Antibodies against PEX13 and PEX14 were generated through

immunization of rabbits with appropriate recombinant proteins. In the case

of PEX13, its SH3 domain was expressed as a glutathione S-transferase

(GST) fusion protein from plasmid pMAR25 in E. coli. Purification with GST

Sepharose was carried out according to manufacturer’s instructions (GE

Healthcare, Freiburg, Germany). PEX14 was similarly expressed as a GST

fusion protein from pMAR16. Because GST-PEX14 failed to bind to GST

Sepharose, it was purified over a Ni-NTA column (Qiagen, Hilden, Germany)

under denaturing conditions by virtue of a hexahistidine tag that had been

introduced right after the GST moiety (GST-H6-PEX14). Immunoreactive

complexes were visualized using anti-rabbit IgG-coupled horseradish per-

oxidase in combination with the ECL� system from GE Healthcare.

Preparation of an N. crassa PNS, protease protection

assay, differential and density gradient centrifugation

and Woronin body purification
Neurospora crassa hyphae were harvested by filtration, washed with

water, mixed with 1 g/g wet weight quartz sand and 4 volumes of isolation

buffer [150 mM Tricine, pH 7.4, 0.44 M sucrose, 10 mM KCl, 5 mM MgCl2,

1 mM ethylenediaminetetraacetic acid (EDTA)] plus protease inhibitors

(8 mM antipain, 0.3 mM aprotinin, 1 mM benzamidine, 1 mM bestatin, 10 mM

chymostatin, 5 mM leupeptin, 1.5 mM pepstatin and 1 mM phenylmethylsul-

fonyl fluoride) and ground with a pestle in a mortar at 48C. The homogenate

was squeezed through four layers of cheesecloth and centrifuged three

times at 500 � g for 5 min. The resulting supernatant was taken as PNS.

Protease protection assays were carried out by treating ice-cold PNS with

100 mg/mL proteinase K in the presence or absence of Triton-X-100.

Aliquots were removed after 0, 5, 10, 15 and 30 min and treated with

PMSF to stop the reaction. Samples were subjected to trichloroacetic acid

precipitation and analyzed by Western blot.
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For differential centrifugation, the PNS was subjected to consecutive

centrifugation steps with increasing speed and time (1000 � g, 5 min;

5000� g, 10 min; 10 000� g, 15min; 25 000� g 30min; 100 000� g, 1 h).

Proportional volumes of the PNS, the resulting pellets and the final

supernatant were analyzed by Western blot. Alternatively, the PNS was

separated by centrifugation at 27 000 � g for 20 min and thereafter at 200

000 � g for 1 h. Here, samples with equal protein content were subjected

to Western blot analysis.

For the separation of organelles by density gradient centrifugation, 10 mL of

PNS was layered on top of a linear gradient of 30–60% (w/w) sucrose,

dissolved in buffer containing 10 mM Tricine, pH 7.4, 1 mM EDTA.

Alternatively, a 10–35% (w/v) Nycodenz� (Axis-Shield, Oslo, Norway)

gradient, dissolved in the same buffer but additionally supplied with 0.25

mM sucrose, was used. The gradients were subjected to centrifugation for

2 h at 40 000 � g at 48C in a Sorvall SV288 vertical rotor. Fractions of 1 mL

were collected from the bottom to the top and densities were determined

refractometrically. Aliquots of each fraction were processed for SDS–PAGE

and analyzed by Western blot.

To purify Woronin bodies, a 10 000 � g pellet was prepared from a PNS of

sucrose-grown wild-type cells. Following resuspension, the pellet was

loaded on top of a 52% (w/w) sucrose cushion (1.25 g/mL) and subjected to

centrifugation at 48 000 � g at 48C for 1 h. The resulting pellet enriched for

Woronin bodies was again resuspended and subjected to sucrose density

gradient centrifugation as described previously.

Isolation of His6-PEX14
To isolate His6-PEX14, PNS from sucrose-grown mycelia of strain Nc3 and

a wild-type control strain were prepared as described previously but using

lysis buffer (20 mM Tris–HCl, pH 8.0, 300 mM NaCl, 10% (w/v) glycerol,

protease inhibitors as described previously) supplied with 10 mM imidazole.

The PNS was subjected to centrifugation at 100 000 � g for 1 h, and the

membrane pellet fraction was solubilized with 1% digitonin (w/v) at 48C for

1 h. Following centrifugation (100 000 � g, 1 h), the supernatant fraction

was subjected to affinity chromatography using Ni-NTA matrix (Qiagen).

Bound His6-PEX14 was washed twice with lysis buffer containing 20 and

40 mM imidazole and eluted with 150 mM imidazole dissolved in lysis buffer

without protease inhibitors. Aliquots of each step were processed for SDS–

PAGE and analyzed by Western blot for the presence of His6-PEX14 and

other proteins eventually coisolated.

Fluorescence microscopy
For the inspection of N. crassa mycelia, strains were grown overnight in

VMM. For live cell imaging, a suspension of mycelia was placed on a slide,

mixed with an equal volume of 1% (w/v) low-melting agarose in H2O and

sealed with a coverslip. For indirect immunofluorescence, mycelium from

liquid cultures grown for 24–48 h was fixed in 3.7% paraformaldehyde for

30–40 min (67). After several washes with buffer 1 (1� PBS, 0.2 M glycine),

the mycelium was treated basically as described in Seiler et al. (68) with 10

mg/mL cell wall digesting enzymes (Lysing enzymes, Sigma) and 10mg/mL

BSA dissolved in buffer 2 (100 mM potassium citrate, pH 6.0, 200 mM KCl,

20 mM EGTA) for 10–30 min. The mycelium was rinsed several times in

buffer 2 before the partially permeabilized hyphae were incubated with

blocking solution (10% BSA in buffer 2) for at least 1 h at room temperature

to block non-specific binding of antibodies. Thereafter, hyphae were

incubated with primary antibodies dissolved in blocking solution for 8 h

at room temperature. Hyphae were washed several times with buffer 2

before they were incubated with the secondary antibodies for 8 h in

blocking buffer. After three washing steps with buffer 2, cells were

inspected under the microscope. Secondary antibodies were obtained

from Molecular Probes (Eugene, OR, USA; Alexa Fluor 594 goat anti-rabbit

IgG and Alexa Fluor 488 goat anti-mouse IgG). The primary antibodies used

were a-HEX1 (1:500), a-FOX2 (1:1000), a-PEX14 (1:500), a-PEX13 (1:500)

and a-GFP (1:100). All micrographs were recorded on a Zeiss Axioplan 2

microscope with a Zeiss Plan-Apochromat �100/1.4 oil objective and an

Axiocam MR digital camera and were processed with AXIOVISION 4.2

software (Zeiss, Jena, Germany).

Electron microscopy
For overall cell morphology, hyphae grown in oleic acid (wild type) or

ethanol (hex1RIP and pex14D) were fixed in 1.5% KMnO4 for 20 min,

poststained in 0.5% uranylacetate, subsequently dehydrated via an ethanol

series and embedded in Epon 812. For immunocytochemistry, oleic acid-

induced hyphae were fixed with glutaraldehyde and embedded in Unicryl.

Ultrathin sections were then incubated with specific anti-HEX1 or anti-

FOX2 antibodies and gold-conjugated goat-anti rabbit antiserum as

described (69).

Miscellaneous
The following procedures were carried out as described: yeast two-hybrid

analysis (60), preparation of yeast whole-cell extracts (70), transformation

of yeast cells (71) and the transformation of N. crassa spheroplasts by

electroporation (59).
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Supplementary Materials

Figure S1: Alignment of PEX13with yeast orthologs. PEX13 sequences

from Neurospora crassa (NCU02618.3; NcPEX13), Pichia pastoris (Q92266;

PpPEX13) and Saccharomyces cerevisiae (YLR191w; ScPEX13) were used

to perform a multiple sequence alignment using CLUSTALW with its default

parameters (http://www.ebi.ac.uk/clustalw/). Identical amino acids are

shaded in black and similar ones in gray using BOXSHADE (http://

www.ch.embnet.org/software/BOX_form.html).

Figure S2: Alignment of PEX14with yeast orthologs. PEX14 sequences

from Neurospora crassa (NCU03901.3; NcPEX14), Pichia pastoris

(AAG28574; PpPEX14) and Saccharomyces cerevisiae (YGL153w;

ScPEX14) were used to perform a multiple sequence alignment using

CLUSTALW with its default parameters. Identical amino acids are shaded in

black and similar ones in gray using BOXSHADE.

Figure S3: Specificity of antibodies generated against PEX14 and

PEX13. (A, B) PEX14 antibody test. Antisera generated against a recombi-

nant GST fusion ofN. crassa PEX14 were tested for specificity using whole-

cell extracts prepared from the oleic acid-induced S. cerevisiae wild-type

strain UTL-7A, an otherwise isogenic pex14 mutant strain, and the pex14

mutant expressing NcPEX14 (A). An identical blot was also decorated

with anti-ScPEX14 antibodies (B). NcPEX14 was detected by both anti-

bodies (black arrows) whereas yeast PEX14 was only recognized by anti-

ScPEX14 antibodies (open arrows). The second band of approximately

29 kDa represents a stable degradation product of ScPEX14. Analysis of

post-nuclear supernatants from N. crassa wild type and a pex14 mutant

also revealed a PEX14-specific band of 47 kDa (A). (C) PEX13 antibody test.

Antisera against a recombinant GST fusion of the SH3 domain of PEX13

were similarly tested for specificity using whole-cell extracts from two-

hybrid strain PJ69-4a that had expressed Gal4 DNA-binding or activation

domain fusions of the SH3 domain of PEX13 (AD-SH3, BD-SH3), full-length

PEX13 (BD-PEX13), or PEX14 (AD-PEX14). N.c. ¼ N. crassa extract; S.c. ¼
S. cerevisiae extract.
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Figure S4: Expression of GFP-HEX1. Correct expression of the fusion

protein was determined by Western blotting using anti-HEX1 (left panel)

and anti-GFP (right panel) antibodies. The amount of endogenous HEX1

exceeded that of GFP-HEX1.

Table S1: Plasmids and oligonucleotides used.

Supplemental materials are available as part of the online article at http://

www.blackwell-synergy.com
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17. Schäfer A, Kerssen D, Veenhuis M, Kunau WH, Schliebs W. Functional

similarity between the peroxisomal PTS2 receptor binding protein

Pex18p and the N-terminal half of the PTS1 receptor Pex5p. Mol Cell

Biol 2004;24:8895–8906.

18. Heiland I, Erdmann R. Biogenesis of peroxisomes. Topogenesis of

the peroxisomal membrane and matrix proteins. FEBS J 2005;272:

2362–2372.

19. Erdmann R, Schliebs W. Peroxisomal matrix protein import: the

transient pore model. Nat Rev Mol Cell Biol 2005;6:738–742.

20. Sacksteder KA, Gould SJ. The genetics of peroxisome biogenesis.

Annu Rev Genet 2000;34:623–652.

21. Purdue PE, Lazarow PB. Peroxisome biogenesis. Annu Rev Cell Dev

Biol 2001;17:701–752.

22. Baker A, Sparkes IA. Peroxisome protein import: some answers, more

questions. Curr Opin Plant Biol 2005;8:640–647.

23. Sichting M, Schell-Steven A, Prokisch H, Erdmann R, Rottensteiner H.

Pex7p and Pex20p of Neurospora crassa function together in PTS2-

dependent protein import into peroxisomes. Mol Biol Cell 2003;14:

810–821.

24. Leon S, Zhang L, McDonald WH, Yates J III, Cregg JM, Subramani S.

Dynamics of the peroxisomal import cycle of PpPex20p: ubiquitin-

dependent localization and regulation. J Cell Biol 2006;172:67–78.
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