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Transport of substrates into peroxisomes: the
paradigm of 3-lactam biosynthetic intermediates

Abstract: Peroxisomes are ubiquitous organelles that
enclose catalases, fatty acid-oxidizing enzymes, and a
variety of proteins involved in different cellular processes.
Interestingly, the late enzymes involved in penicillin bio-
synthesis, and the isopenicillin N epimerization enzymes
involved in cephalosporin biosynthesis are located inside
peroxisomes in the producer fungi Penicillium chrysogenum
and Acremonium chrysogenum. Peroxisome proteins are tar-
geted to those organelles by peroxisomal targeting signals
located at the C-terminus (PTS1) or near the N-terminal end
(PTS2) of those proteins. Peroxisomal membrane proteins
(PMPs) are largely recruited by the interaction with specific
sequences in the Pex19 protein. The compartmentalization
into peroxisomes of several steps of the biosynthesis of peni-
cillin, cephalosporin, and other secondary metabolites raises
the question of how the precursors and/or intermediates of
the biosynthesis of $-lactam antibiotics are transported into
peroxisomes and the mechanisms of secretion of the final
products (penicillin or cephalosporin) from peroxisomes to
the extracellular medium. Recent advances in peroxisome
proteomics, immunoelectron microscopy, and fluorescence
labeling have shown that the transport of these intermedi-
ates is mediated by membrane proteins of the major facili-
tator superfamily class (drug/H* antiporters) containing 12
transmembrane-spanning domains (TMS). In some cases,
the transport of the substrates (e.g., fatty acids) or inter-
mediates may be mediated by ATP-binding cassette (ABC)
transporters. Knowledge on the transport and secretion
mechanisms is of paramount importance to understand the
complex mechanisms of cell differentiation and their cross-
talk with the biosynthesis of different secondary metabolites
that act as biochemical signals between the producer cells
and also as communication signals with competing microor-
ganisms (e.g., antimicrobial agents or plant elicitors).
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Introduction

Peroxisomes, initially known as microbodies, are ubig-
uitous eukaryotic organelles with a diameter of 0.1-1 um.
They are found in mammalian kidney and liver cells,
plants (especially in leaf photosynthetic cells closely
associated with chloroplasts and mitochondria), fila-
mentous fungi, yeasts, and certain protozoans. These
organelles do not contain DNA and have a single bilayer
membrane (about 7 nm) that surrounds a core matrix
with peroxisomal proteins (1, 2). The latter play differ-
ent essential metabolic functions, such as oxidation of
fatty acids, oxidation and epimerization of branched-
chain fatty acids, catabolism of pD-amino acids and poly-
amines, metabolism of reactive compounds, bile acids
synthesis in vertebrates, photorespiration in plants, or
biosynthesis of some secondary metabolites (3-5). Their
content in oxidases and catalases was the reason why
they were designated as peroxisomes during the decade
of the 1960s (6). As it can be deduced from the metabolic
reactions that occur inside peroxisomes, toxic organic
compounds and oxidized metabolites are transported
into these organelles. There, these compounds are harm-
less to the rest of the cell, and to be eliminated, they are
coupled to carrier molecules and finally secreted out of
the cells (see below). In the case of branched or linear
fatty acids, they are usually fully degraded to acetyl-
CoA or propionyl-CoA, although in some cases, partially
oxidized fatty acids are attached to other molecules and
secreted.

In addition to peroxisomes, certain organisms possess
peroxisome-related organelles, which carry out addi-
tional specific functions. This is the case of glycosomes,
Woronin bodies, or glyoxysomes (the distinction between
glyoxysomes and peroxisomes is currently controversial).
Glycosomes are characteristic of trypanosomatids and
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contain glycolytic enzymes for the Embden-Meyerhof
segment of glycolysis (7). Woronin bodies are unique to
filamentous fungi. They possess a double membrane and
are localized near the septae, where they play an impor-
tant role in sealing the septal pore after hyphal injury,
thus preventing cytoplasmic bleeding (8). Peroxisome
matrix proteins are synthesized in the free ribosomes
in the cytosol before being imported into peroxisomes,
which is mediated by a conserved peroxisomal targeting
signal (PTS) included either at their C-terminus (PTS1) or
near the N-terminus (PTS2) (9). In addition to peroxiso-
mal matrix proteins, which play essential roles in differ-
ent metabolic pathways, peroxisomes also contain other
proteins termed peroxins. These peroxins (over 30 dif-
ferent proteins described so far) are encoded by the PEX
genes and are involved in the peroxisomal matrix protein
import, targeting and insertion of peroxisomal membrane
proteins (PMPs), inheritance, and regulation of the per-
oxisomal number and size (1, 9).

Peroxisomes are dynamic organelles with plastic mor-
phology that adjust their number and shape according
to the environment-determined metabolic needs. This is
favored by the properties of the peroxisomal membrane,
which is formed mainly from the endoplasmic reticulum,
although mitochondria are also involved in the biogen-
esis of the peroxisome membrane (2). This adaptation to
the metabolic needs is mediated by a dynamic balance
between peroxisomal biogenesis (augmentation) and deg-
radation (autophagy).

Peroxisomal matrix proteins:
recruiting, targeting, and import

Enzymatic activities occurring in peroxisomes, including
those for the biosynthesis of fungal secondary metabo-
lites, are catalyzed by different peroxisomal matrix pro-
teins. They are usually peroxisome-specific, although
some of these proteins can have two or more subcellu-
lar localizations due to the presence of several targeting
signals within the same protein, e.g., 3-hydroxymethyl-
glutary-CoA lyase (10) and o-methylacyl-CoA racemase
(11). The B-oxidation pathway of fatty acids has a dual
peroxisomal and mitochondrial localization in mammals
and plants, but it is exclusively peroxisomal in yeasts (12)
and filamentous fungi because mutants devoid of peroxi-
somes are unable to grow on oleate (13, 14). Proteins can
be imported into peroxisomes either as folded monomers
or as oligomers (15), irrespective of the processing state.
For example, the isopenicillin N-acyltransferase (IAT, a
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peroxisomal enzyme catalyzing the last step of penicil-
lin biosynthesis) can be transported inside peroxisomes
either as the active heterodimer or as the unprocessed
monomer (16).

Peroxisomal matrix proteins are not the only proteins
present in peroxisomes, for they also include proteins
integrated in the peroxisomal membrane. Both types of
proteins are synthesized in cytoplasmic ribosomes, and
therefore, they have to be post-translationally imported
either into the peroxisomal matrix or into the membrane.
The import machinery is specific for each of these two
types of proteins.

The presence of a consensus PTS at the C-terminus of
the amino acid sequence is the main mechanism deter-
mining the location of a peroxisomal matrix protein.
However, not all proteins containing a PTS are neces-
sarily sorted to peroxisomes, as it has been reported for
the cytosolic human phosphomevalonate kinase (17). In
addition, cryptic sequences inside proteins can also act as
signals recognized by the peroxisome import machinery
(see below).

Two types of PTSs (PTS1 and PTS2) have been
described so far, the proteins containing a PTS1 being
more abundant than those with a PTS2 sequence. PTSs
differ in their amino acid composition and in their posi-
tion within the protein. The PTS1 motif consists of the
consensus sequence SKL or variations thereof (S/A/C)-
(K/R/H/N)-(L/I/M) and is located on the C-terminal region
of the protein, whereas PTS2 is represented by the consen-
sus sequence (R/K)-(L/I/V)-X,-(Q/H)-(L/A) and is present
near the N-terminal region of the protein (18-20). It has
been reported that amino acid residues around a PTS
signal may increase the affinity between the protein and
its receptor, and therefore, although not directly involved
in sorting, they are also important for targeting (21-24).

Two different peroxins mediate the import of PTS1and
PTS2 peroxisomal proteins. PTS1 is recognized by peroxin
Pex5, whereas PTS2 is detected by peroxin Pex7 (25, 26).
Both cargo-loaded receptors dock on the same peroxisome
translocon components, followed by cargo release and
receptor recycling, as part of the complete translocation
process between the cytosol and the peroxisome (27, 28).
It has also been reported that internal cryptic targeting
sequences can also serve as PTS, and therefore, some per-
oxisomal matrix proteins lacking the canonical PTS1 are
sorted to peroxisomes via Pex5 (29). The piggyback trans-
port is another way to import proteins to the peroxisomal
matrix. By means of this system, those proteins that lack
a PTS form a complex with a PTS-containing protein and
are sorted to peroxisomes in a Pex5-dependent manner
(29, 30).
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Although the components of the import machinery
are relatively well known, the molecular mechanism of
protein translocation across the peroxisomal membrane
is still poorly understood. Membrane invagination events
(similar to endocytosis), vesicle fusion processes, or
dynamic transient pore formation have been proposed as
models for protein translocation, where Pex5 and Pex14
form a dynamic gated ion-conducting channel of about
9 nm induced by the cytosolic receptor-cargo complex
(31). Once the PTS1-bearing protein has been recognized
and bound in the cytosol by Pex5 (Pex5-protein complex),
the resultant complex binds to PMPs Pex13, Pex14, and
Pex17 (the latter only identified in yeasts) (32, 33), which
constitute the docking complex. Then, the cargo is
released into the peroxisomal matrix. This translocation
process requires the RING-finger ubiquitin ligases Pex2,
Pex10, Pex12 (34-39), and Pex8 (the latter only identi-
fied in yeasts) (40). Pex5 is released from the membrane
in an ATP- and ubiquitin-dependent manner (mediated
by the Pex4 ubiquitin-conjugating enzyme in yeasts or
UbcH5a/b/c in humans) (41-43) to the cytosol, where it is
either degraded or recycled for a new import round (27,
44). The release of the receptor from the membrane is per-
formed by the ATPase peroxins Pex1 and Pex6, which are
anchored to the peroxisome membrane, by Pex15 in yeasts
or by Pex26 in mammals (45-49).

Peroxisomal membrane proteins

PMPs are encoded by nuclear genes, translated on cyto-
plasmic ribosomes, and imported post-translationally
into the peroxisomal membrane. The import machinery
of PMPs is distinct from the peroxisomal matrix proteins
because most pex mutations that disrupt matrix protein
import still showed a functional PMPs import (50-52). In
general, two import pathways are proposed for the target-
ing of PMPs (53). In the first pathway, PMPs are directly
inserted into existing peroxisomal membranes after being
synthesized in the cytosol (54). Alternatively, in the second
pathway (55, 56), PMPs can be synthesized on rough endo-
plasmic reticulum where they are concentrating in pre-
peroxisomal vesicles. These vesicles function as an origin
for de novo formation of peroxisomes or are fused with the
peroxisomal membrane of existing peroxisomes.

As consequence of these two import pathways, PMPs
can be divided into two classes (57) named class I (for
the first pathway) and class II (for the second pathway).
Whereas class I corresponds to PMPs that are imported
to peroxisomes via a Pex19p-dependent pathway, PMPs
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of class II are targeted to peroxisomes independently of
Pex19p (58).

The peroxisomal membrane protein targeting signals
(mPTS) were identified for several PMPs and contain a
basic amino acid sequence in conjunction with at least
one transmembrane region (59, 60).

The class I PMPs possess a mPTS that is recognized
in the cytosol by the peroxin Pex19p. This PMP-recruiting
peroxin is a farnesylated protein mostly located in the
cytosol and partly associated with the peroxisomal mem-
brane. Pex19p works like an import receptor and/or chap-
erone required for stabilization of PMPs at the peroxiso-
mal membrane (61).

Once recognized, the mPTS motif of the PMP, Pex19p
directs the Pex19p-PMP complex to the peroxisomal mem-
brane by docking to its membrane anchored binding
partner Pex3p (62). Next, the PMP is inserted into the
peroxisomal membrane probably with the assistance of
Pex19p and Pex3p (the Pex16p collaboration is also nec-
essary in some organisms). Finally, Pex19p returns to the
cytosol where the PMPs importation process is restarted
(57).

A minor proportion of the PMPs belong to the group
of class II PMPs, proteins that are sorted indirectly to per-
oxisomes via the endoplasmic reticulum. The mPTS of this
class is located in the N-terminal region and contains a
transmembrane domain without a Pex19p binding site
(63, 64).

Nowadays, it is known that Pex3p, Pex16p, and
Pex22p belong to the class II PMPs (64, 65). Nevertheless,
the molecular mechanisms responsible for the import of
these proteins to the endoplasmic reticulum, and its later
targeting to the peroxisomal membrane are still poorly
understood (64, 66—68).

Transport of metabolites into
peroxisomes

Two clearly different classes of transporters are known
to introduce small metabolites into peroxisomes, namely
the ATP-binding cassette (ABC) transporters, which rely
on ATP hydrolysis to obtain energy for the transport, and
the major facilitator superfamily (MFS) transporters (also
known as secondary transporters), which translocate
small solutes using the energy of the electrochemical gra-
dient across the membrane (69).

The chemical nature of the metabolites that need to
pass across the peroxisomal membrane can be predicted
based on our current knowledge of the pathways that
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occur in these organelles and the peroxisomal metabo-
lism. The transport processes across this membrane is
facilitated by several metabolite transporters. Indeed,
an increasing number of transporters are being identi-
fied in the peroxisomal membrane of various species
(70); this is surprising because the content of proteins
in the peroxisomal membrane is limited, as shown by
freeze-etch electron microscopy studies of fungal cell
peroxisomes (4).

Peroxisomal ABC transporters

ABC transporters constitute an ubiquitous superfamily
of integral membrane proteins that perform the ATP-
powered translocation of a wide variety of substrates
across extracellular and intracellular membranes (71).
Typical ABC transporters consist of homologous halves,
each containing a membrane-spanning domain (MSD),
with multiple hydrophobic transmembrane helices, and
a hydrophilic cytosolic nucleotide-binding fold (NBF),
also known as the ATP binding domain. The NBF domain
contains the highly conserved motifs: Walker A and
Walker B (separated by about 90-120 amino acids) and
the ABC signature motif situated upstream of the Walker
B sequence (72, 73). A functional ABC protein typically
comprises two MSDs containing several o-helices and
two NBFs. In eukaryotic cells, these domains are gener-
ally organized as two half-size MSD transporters (with
the topology MSD-NBF or NBF-MSD) or as full-size trans-
porters (MSD-NBF-MSD-NBF or NBF-MSD-NBF-MSD)
(72).

The development of genomic approaches has pro-
vided valuable information for the complete identi-
fication of ABC transporter genes in representative
genomes of all major phyla. Based on the organization
of domains and amino acid homology, the ABC trans-
porter superfamily can be subdivided into seven sub-
families: ABC-A, ABC-B, ABC-C, ABC-D, ABC-E, ABC-F,
and ABC-G (74).

Peroxisomal ABC transporters are mainly involved in
the metabolism of lipids and formation of bioactive lipid
metabolites (75). The ABC-D subfamily contains predomi-
nantly half-size transporters with the orientation MSD-
NBF, which homodimerize and heterodimerize to form
transporters of fatty acids (76). In mammals, it is thought
that ABC-D1 functions as a transporter of very-long-chain
fatty acids across the peroxisomal membrane, whereas,
ABC-D2 has a certain functional redundancy with ABC-D1,
but it performs other specific roles in lipid metabolism.
Finally, in mammals, the most abundant PMP is the
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ABC-D3, which is capable of transporting various fatty
acids (72). In yeasts, the ABCD-like genes pxal (also
known as PTA1 or PAL1) and Pxa2 (also known as PAT2
or YKL741) are also involved in the oxidation of very-long-
chain fatty acids (77).

In the plant kingdom, the transport of a variety of sub-
strates such as fatty acids and plant hormone precursors
into peroxisomes is mediated by PXA1 (peroxisomal ABC
transporter 1), ACN2 (acetate nonutilizing 2) and AtPMP2
(Arabidopsis thaliana PMP2), AtABCD1 (also known as
COMATOSE, or CTS), and PED3 (peroxisome defective 3)
(76, 78).

Other ABC-D transporters have been characterized
in other organisms, such as the fungus Podospora anse-
rina (pABC1 and pABC2), the nematode Caenorhabditis
elegans (pmpl, pmp2, pmp3, pmp4, and pmp5), and the
protozoa Trypanosoma brucei (GAT1, GAT2, and GAT3)
(78) and Dictyostelium discoideum (ABC-D.1, ABC-D.2, and
ABC-D.3).

To understand the role of peroxisomal ABC transport-
ers in cellular functions, it will be necessary to understand
in more detail the transport of substrates across the perox-
isomal membrane; this may be achieved by X-ray crystal-
lographic studies together with a deeper knowledge of the
regulation of these transporters by membrane proteomic
approaches.

MFS transporters

The proteins of the MFS class are single-polypeptide sec-
ondary carriers that are capable of transporting small
solutes and use the transmembrane electrochemical
gradient of protons or Na* ions to drive the extrusion of
drugs from the cell (69, 79). This superfamily of transport
proteins currently consists of 74 families, each usually
concerned with the transport of a certain type of sub-
strate (80). MFS proteins possess mainly either 12 or 14
transmembrane spanning regions (TMS) (Figure 1) with
capacity to transport a wide array of small molecules
that include simple monosaccharides, oligosaccharides,
drugs, amino acids, peptides, metabolites, enzyme cofac-
tors, vitamins, nucleobases, nucleosides, nucleotides,
iron chelating compounds (siderophores), and both inor-
ganic and organic anions and cations (80).

Although the role of ABC transporters in the introduc-
tion of metabolites into peroxisomes has been studied in
more detail (72), the involvement of MFS transporters has
received less attention. However, several recent studies
have found MFS proteins containing 12 TMS that are
located in the peroxisomal membrane.
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Figure1 Model of the 12-TMS drug/H* antiporters in cytoplasmic membranes.

(A) Note the cytoplasmic loop between TMS VI and VII that has been proposed to be involved in drug binding (101). (B) Alignment of the
amino acids included in the 12 TMS of (1) PaaT of P. chrysogenum, (2) CefT of A. chrysogenum, and (3) TPO2 of S. cerevisiae (see text for
details). The amino acid numbers correspond to the position in the PaaT protein of P. chrysogenum.

Drug/H* antiporters: pumps for
secondary metabolites

Many of the MFS transporters are classified as multiple
drug resistance (MDR) proteins because they confer resist-
ance to several drugs or components that are toxic for
animal, plant, or microbial cells. These transporters that
act as drug efflux pumps frequently confer resistance to
chemically unrelated drugs. Their relevance has increased
in the last decades due to the appearance of resistance
to many antibiotics and other drugs used for the treat-
ment of human and animal diseases (81). In yeasts, many
drugs are excreted by MFS transporters that function by a
drug/H* antiporter mechanism.

An important question is what the role of drug/H*
antiporters in nature is. There is no doubt that these
transporters are used to extrude toxic compounds from
animal cells, although only some of the transported
compounds are synthesized by animal cells. Most of
them are plant or microbial secondary metabolites
that enter the animal organisms within the food, some-
times as animal feed contaminants. Our human society
uses many of these compounds in pharmacology for
the treatment of a variety of diseases. Therefore, these
drugs need to be removed from our tissues to avoid the

toxic effect derived from prolonged action or from acute
intoxications.

Light on the role of these transporters has been pro-
vided by the finding that many of these transporters that
confer resistance to antibiotics are encoded by genes located
on antibiotic biosynthesis clusters (82). With the advances
in genomics, more and more transporters have been found
in the gene clusters for antibiotics (69), mycotoxins (e.g.,
roquefortine C) (83), and other secondary metabolites. In
antibiotic-producing bacteria that lack internal organelles,
these MFS transporters (or in some cases ABC transporters)
are located in the cell membrane and pump out the toxic
antibiotics to avoid suicide of the producing cells (84). In
filamentous fungi and plants that also produce a large
number of diverse extracellular secondary metabolites,
some of these transporters are located in the plasma mem-
brane acting as authentic drug pumps releasing metabo-
lites to the culture medium, but in some other cases, these
MEFS transporters are located in the peroxisomal membrane
and serve to introduce biosynthetic intermediates into the
peroxisomal lumen and/or to export the formed metabo-
lites again to the cytoplasm for further conversion to the
final products or directly to the culture medium.

An increasing number of secondary metabolites are
partially synthesized or modified in peroxisomes (Table 1),
and therefore, the implication of these transporters in the



202 —— ).-F. Martin et al.: Transport of substrates into peroxisomes

context of peroxisome-located activities is acquiring great
relevance.

The most advanced knowledge on molecular mecha-
nisms of the drug/H* antiporters is that of the yeast Sac-
charomyces cerevisiae (101). Although this yeast produces
very few secondary metabolites (e.g., bisformyl-dityros-
ine) as compared with filamentous fungi (probably due
to its adaptation to sugar-rich specific habitats with little
nutritional variability), this yeast still contains a limited
number of MFS transporters.

The MFS drug/H* antiporters (DHAs) of yeasts are
classified into two types: DHA1and DHA2 (101). The DHA1
family includes 12 proteins of S. cerevisiae each contain-
ing 12 transmembrane spanners, whereas the 10 known
protein members of the DHA2 family contain 14 trans-
membrane spanners.

All members of the yeast DHA1 and DHA2 families
confer resistance to different antifungal drugs, but only
in a few cases is the natural substrate of the protein
known. For example, the class DHA1 member DTR1
transports bisformyldityrosine through the prospore
membrane during the maturation of S. cerevisiase
ascospores (102).

Several of the DHA2 protein family members are
located in the vacuolar membrane (101), but it is unknown
whether any of these proteins are initially targeted to per-
oxisomes because peroxisomal proteins are frequently
engulfed into vacuoles by pexophagy processes.

Other members of the DHA1 family (TPO1, TPO2,
TPO3, and TPO4) have been reported to be polyamine
transporters, and a related MFS protein of Penicillium
chrysogenum has been recently found to be located in the
peroxisomal membrane in this fungus (103) (Figure 1).
However, a note of caution has to be kept in mind because
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part of this protein (PaaT) may be degraded and targeted
to vacuoles.

Peroxisomes provide an optimal
microenvironment for penicillin
(or other secondary metabolites)
biosynthesis

The localization in peroxisomes of the enzyme systems for

the biosynthesis of secondary metabolites derives from

evolutive advantages of an adequate microenvironment

provided by the following factors:

— Precursors for the biosynthesis of secondary
metabolites, particularly those for polyketides (acetyl-
CoA, malonyl-CoA, methylmalonyl-CoA) formed by
catabolism of fatty acids are abundant in peroxisomes
(104, 105). Also, the geranyl-geranyl-diphosphate for
isoprenoid biosynthesis is formed in peroxisomes (96).

— The peroxisomal internal pH is optimal for some
enzymes involved in secondary metabolism. The pH
of the cytosol in filamentous fungi has been reported
to be between 6.5 and 7.0 (106), whereas the internal
pH of the peroxisomes was shown to be 7.5 (107).
This peroxisomal pH is near the optimal pH for the
IAT, which was found to be 7.5-8.0 (108, 109), for
phenylacetyl-CoA ligase (86) and for the linear fatty
acid CoA ligase (88).

In summary, it seems that evolution has adopted certain
enzymes involved in biosynthesis of secondary metabo-
lites to work in a controlled environment as is that of
peroxisomes.

Table1 Enzymes for secondary metabolite biosynthesis located in peroxisomes fungi, plants, and animal cells.

Secondary metabolite =~ Organism Peroxisomal enzymes References
Penicillin P. chrysogenum 1. 1AT (16, 85)
2. Phenylacetyl-CoA ligase (PhlA) (86)
3. Linear acyl-CoA ligase (PhlB) (87, 88)
Cephalosporin C A. chrysogenum 1. IPN-CoA ligase (CefD1) (5,89)
2. IPN-CoA epimerase (CefD2) (5, 89)
AK toxin Alternaria alternata AK1, AK2, AK3 Norsolorinic acid synthetase(s) (90-92)
Aflatoxins Aspergillus Norsolorinic acid synthetase(s) (93, 94)
Paxilline Penicillium paxilli Geranyl-geranyl-diphosphate synthase (PaxG) (95, 96)
Jasmonic acid A. thaliana 1. Cyclopentenone 12-oxo-phytodienoic acid (OPDA)-CoA ligase 97)
2. OPDA reductase
Indoleacetic acid A. thaliana Indolebutyric acid B-oxidation enzymes (49, 98)
Salicylic acid A. thaliana 1. Cinnamoyl-CoA ligase
2. Cinnamoyl-CoA shortening enzymes (99)
Bile acids Animal cells (rats and humans)  Side-chain shortening and epimerizing enzymes (100)
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The last steps of penicillin
biosynthesis are performed in
peroxisomes

It is now well established that the last steps of penicillin
biosynthesis performed by the IAT and the phenylacetyl-
CoA ligase occur in peroxisomes (16, 85, 86, 110). These
enzymes are synthesized in ribosomes in the cytoplasm
and targeted to the peroxisomal matrix in a PTS1-depend-
ent manner.

The early enzymes of the penicillin pathway
o-aminoadipyl-cysteinyl-valine (ACV) synthetase and
the B-lactam ring forming isopenicillin N (IPN) synthase
are located in the cytoplasm (111), although the ACV syn-
thetase may be associated to vacuoles (112). This means
that transport of the intermediate IPN into the peroxi-
somes is a prerequisite for the last step to take place.

A small amount of IPN is secreted to the extracel-
lular culture and is therefore lost for penicillin biosyn-
thesis (113). At this time, it is unknown if the transporter
that introduces IPN into perosixomes is the same one
that secretes IPN out of the cell. The possibility that a
small fraction of the IPN transporter is mistargeted to the
secretory vesicles membrane or in the plasma membrane
rather than to the peroxisomal membrane cannot be
excluded. Another precursor of penicillin that has to be
transported from the cytosol to the peroxisomal matrix
is the penicillin side-chain precursor phenylacetic acid
(PAA). A gene, paaT, encoding a phenylacetic acid trans-
porter has been recently characterized. It encodes a
drug/H* antiporter of 12 TMSs (Figure 1) that has been
shown to be located in the peroxisomal membrane by
fluoresce targeting microscopy (103). The same trans-
porter is likely to introduce phenoxyacetic acid (POA) or
related arylacetic acids into peroxisomes, whereas linear
fatty acids (e.g., adipic acid, octanoic acid, decanoic
acid, or dodecanoic acid) have transporters related to
those of fatty acids (105).

Role of two peroxisomal membrane
transporters in cephalosporin

C production in Acremonium
chrysogenum

Cephalosporin C and semisynthetic cephalosporins are

widely and successfully used in medicine in the treatment
of different bacterial infections. Cephalosporin C belongs
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to the class of broad-spectrum antibiotics obtained from
cultures of the filamentous fungus A. chrysogenum (114,
115). The cephalosporin C biosynthetic pathway begins
with the non-ribosomal condensation of the three precur-
sor amino acids L-c-aminoadipic acid, L-cysteine, and
L-valine to form the tripeptide ACV (116). This reaction
is carried out by the ACV synthetase (117, 118), which is
encoded by the pchAB gene (119). The ACV tripeptide is
cyclized to form IPN by the IPN synthase encoded by the
pcbC gene (120). The IPN is then isomerized to the b-con-
figuration by two linked genes, cefD1-cefD2, giving rise to
penicillin N (PenN) (89, 121), which is later converted to
deacetoxycephalosporin C (DAOC) by a ring expansion
step catalyzed by the DAOC synthase (encoded by the
cefEF gene). The latter enzyme is also able to oxidize the
methyl group at carbon 3’ of DAOC to give deacetylcepha-
losporin C (DAC) (122, 123). Both activities are located in a
single polypeptide that is encoded by the cefEF gene (124).
The last step of the cephalosporin biosynthesis pathway
involves the conversion of DAC to cephalosporin C by the
DAC-acetyltransferase that is encoded by the cefG gene
(125, 126).

In A. chrysogenum, the genes that encode B-lactam
antibiotics biosynthesis and secretion are linked in two
clusters that are located on separate chromosomes. In the
A. chrysogenum ATCC 48272 strain, the pcbAB, pchC, cefD1,
and cefD2 biosynthetic genes and the secretion/translo-
cation genes cefT, cefM, and cefP are located on chromo-
some VII in the so-called early cluster (89, 127-130). This
‘early’ cluster contains all the genetic information for the
biosynthesis of the IPN and PenN antibiotics (the latter is
efficiently secreted), and therefore, it can be considered as
a complete gene cluster for these penicillins (5, 116). The
late cephalosporin biosynthetic genes cefEF and cefG are
located in a second cluster, named ‘late cluster’, on chro-
mosome I (127).

The central step of the cephalosporin C biosyn-
thetic pathway (catalyzed by a two-component protein
system encoded by the cefD1 and cefD2 genes) seems
to be located in peroxisomes. Bioinformatic analysis of
the CefD1 and CefD2 amino acid sequences showed that
both enzymes contain a peroxisomal targeting signal,
i.e., CefD1 contains a PTS1, whereas CefD2 contains both
PST1- and PST2-targeting motives. Moreover, several
authors (131-133) determined that the optimum pH for
the in vitro conversion of IPN into PenN in A. chrysoge-
num cell-free extracts was 7.0, near the estimated pH of
the peroxisomal lumen (107). Additionally, the CefD1 and
CefD2 homologous proteins have been identified in the
peroxisome matrix of P. chrysogenum by mass spectrom-
etry (134).
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The epimerization of IPN to PenN in peroxisomes
implies the need of specific transport systems for both
biosynthetic intermediates (IPN and PenN) across the per-
oxisomal membrane. Based on the well-known gene-clus-
tering patterns of genes for secondary metabolite biosyn-
thesis (82, 135, 136), we identified in the ‘early’ cluster two
genes, cefM and cefP, encoding peroxisomal membrane
transporters (129, 130).

The analysis of the CefM and CefP proteins by bioin-
formatic tools revealed the presence of a Pex19p-binding
domain in the amino acidic sequence of both proteins
close to one of the transmembrane spanners. This kind of
domain is characteristic of PMPs that are recruited by the
Pex19 protein (137). The cefM gene (130) encodes an efflux
pump protein (482 amino acids with a deduced molecular
mass of 52.2 kDa) belonging to the Family 3 (drug efflux
proteins) of the MFS class of proteins. A strain deleted in
cefM showed a drastic reduction in extracellular PenN
and cephalosporin production and accumulated intracel-
lular PenN. The activity of the last two steps of the cepha-
losporin pathway (encoded by the cefEF and cefG genes)
was not affected in this transformant, and therefore, the
blockade in the cephalosporin pathway is before PenN
formation. In summary, CefM is a membrane protein that
affects the conversion of PenN to the following intermedi-
ate in the pathway. Confocal microscopy experiments with
the EGFP fluorescent CefM hybrid protein showed a micro-
body membrane location of this protein. The fluorescence
was located in microbodies of diverse size that were very
abundant in swollen A. chrysogenum cells differentiating
into arthrospores and also in the arthrospores themselves
(130). These microbodies resemble the ‘cargo vesicles’ or
endosomes of Aspergillus parasiticus (138). The differen-
tiation into arthrospores is well known to be coincident
with the intense cephalosporin production.

The other transporter gene located in the ‘early’
cephalosporin cluster, known as cefP (129), encodes a
protein of 866 amino acids with a deduced molecular
mass of 99.2 kDa and with 11 putative transmembrane
spanners. A modified 12th TMS motif is probably present
in this protein, although it is not recognized by the bio-
informatic programs used to identify these domains. The
targeted inactivation of the cefP gene resulted in a drastic
reduction in the cephalosporin production and an accu-
mulation of IPN in the culture broths, whereas IPN is not
usually accumulated in cultures of the parental strain.
However, CefP controls the expression of the neighbor
regulatory gene cefR by an unknown mechanism, and
therefore, the effect of CefP on cephalosporin may be due
to a cascade mechanism because both cefP and cefR genes
are required to complement the cefP-disrupted mutant.
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An alternative explanation is that the regulator affects
not only CefP but also other transporters/enzymes that
play a role in cephalosporin biosynthesis. In vivo fluores-
cence microscopy experiments using a functional DsRed-
CefP hybrid protein indicated that this hybrid protein
co-localizes with the EGFP-SKL peroxisome-targeted
protein (129).

The amino acid sequences of CefP and CefM are
rather different, and the exact role of these two proteins
seems to be different (e.g., cefM may introduce IPN into
‘cargo vesicles’ that deliver its cargo to peroxisomes),
although both of them affect the peroxisomal conversion
of IPN to the first cephalosporin intermediate containing
the cephem ring; this conversion proceeds through the
epimerization of IPN to PenN, mediated by the proteins
CefD1 and CefD2.

In summary, the IPN intermediate is synthesized in
the cytosol in reactions catalyzed by the cytosolic enzymes
ACV synthetase and IPN synthase (139) and needs to be
transported to the peroxisomal matrix for its epimeriza-
tion into PenN by the CefD1 and CefD2 proteins (89). A
question that remains unanswered is the mechanism (or
transporter system) by which the intermediates IPN and
PenN are partially lost from the cytoplasm and accumu-
lated into the culture broth, a phenomenon that goes in
detriment of the second part of the pathway (conversion
of PenN to cephalosporin C) because the secreted IPN
or PenN are not reincorporated into the cells. The PenN
export appears to be carried out by CefT, a third member
of the MFS transporter family that is targeted to the cell
membrane (128, 140, 141).

Although all published data suggest that MSF trans-
porters play an important role in the transport of interme-
diates and precursors into peroxisomes, the biochemical
evidence supporting the genetic studies and confocal flu-
orescence microscopy observations, is still scarce. Further
fractionation studies and purification of different types of
vesicles, combined with biochemical analyses of the MSF
proteins and enzymes, are required to confirm the evi-
dence currently available.

Expert opinion

It is clear from all available information that some steps of
the biosynthesis of secondary metabolites are performed
in the peroxisomal lumen (Table 1). These are frequently
the middle or late steps in the pathway. The reason for
this compartmentalization is essentially a more adequate
environment (pH >7.0) and concentration of enzymes and
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substrates. The compartmentalization requires the trans-
port of early precursors from the cytosol, where they are
formed by reactions of primary metabolism to the peroxi-
some lumen. In some well-studied cases, the transport of
those precursors or intermediates is achieved by members
of the MFS class, although ABC transporters might also be
involved in some cases. Indeed, in bacteria, the secretion
of the antibiotics and other secondary metabolites from
the cells is performed by either MFS or ABC transporters,
depending on the nature of the secondary metabolite (69).
MEFS transporters have been identified in the gene clusters
of several fungal secondary metabolites, including cepha-
losporin (129, 130), cercosporin (142), and roquefortine C
(83), among others. In these cases, it is very likely that
the MFSs are involved in peroxisomal transport of inter-
mediates as occurs with the cephalosporin intermediates
described in this article.

Outlook

In the case of P. chrysogenum, a large number of MFS
transporters (688 secondary transporters including 416
MFS transporters) have been identified (143), but unlike
in A. chrysogenum, the specific MFS transporter that
introduces IPN into the peroxisomes is still unknown.
There are differences between the transport and epimeri-
zation mechanisms in Acremonium and Penicillium.
Orthologous genes of cefD1 and cefD2 are absent from the
penicillin gene cluster, and this absence explains why
Penicillium lacks the ability to epimerize IPN to PenN.
This has been confirmed experimentally; only when
the cefD1, cefD2, cefEF, and cefG genes of Acremonium
were introduced into P. chrysogenum the transformants
acquired the ability to synthesize PenN and convert it to
cephalosporins (144). Although genes related to cefD1
and cefD2 have been located in separate positions in the
genome of P. chrysogenum (143) and other fungi, they are
not strict orthologues of the cephalosporin biosynthetic
genes and their natural role is probably related to the
epimerization and degradation of methyl-branched fatty
acids.

In the future, much more basic information is needed
to understand the molecular mechanisms of transport of
these intermediates. MFS transporters rely on the electro-
chemical gradient that is established between both sides
of the membrane. This seems to be the case in the peroxi-
somal drug/H* antiporters, although the precise determi-
nations of the pH and electrochemical gradients need to
be made.
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Another interesting question that remains to be clar-
ified is the secretion mechanism of the final products of
a peroxisomal pathway. The secretion of penicillin from
the peroxisome to the medium is a matter of debate (5,
9, 116, 145). Authentic benzylpenicillin transporters in
the peroxisomal or in the fungal membrane have not
been scientifically confirmed. Alternatively, the fusion
of peroxisomes with secretory vesicles that may unload
the penicillin formed by an exocytosis mechanism has
been proposed (94, 116, 138). This vesicle-mediated
mechanism may be different from the known pexophagy
because a P. chrysogenum mutant defective in pexophagy
produces normal or even higher levels of penicillin due
to the preservation of peroxisomes and the biosynthetic
enzymes (4).

More information is also needed in the case of those
secondary metabolites that involve two consecutive
pathways located in different subcellular compartments.
As exemplified by the cephalosporin pathway, the final
product of the first pathway (PenN) may be secreted
directly to the culture medium, where it remains as
PenN, or from peroxisomes to the cytosol, where it is
converted to the so-called late products (i.e., cephalo-
sporins) and finally secreted to the external medium.
The relationship between the transporters from peroxi-
some to cytosol and from cytosol to the medium requires
additional studies.

Highlights

In recent years, solid evidence has confirmed that some
enzymes involved in the biosynthesis of penicillins, ceph-
alosporins, and other bioactive secondary metabolites are
located in the lumen of peroxisomes of the producer fungi.
Mislocalization of these enzymes in peroxisome-defective
mutants causes a drastic decrease or the total lack of sec-
ondary metabolite biosynthesis.

This compartmentalization of the B-lactam biosyn-
thetic enzymes requires the import into peroxisomes
of early precursors or intermediates of the biosynthe-
sis pathway and the secretion from peroxisomes to
the extracellular medium of the final products of the
pathways.

The targeting of peroxisomal luminal proteins to
peroxisomes is mediated by well-known PTS. Indeed,
enzymes of the B-lactam antibiotics rely on PTS to be
located in perosixomes, but the transport of intermedi-
ates, cofactors, and other substrates of the peroxisomal
enzymes is only beginning to be understood.
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In general, the transport of biosynthetic intermedi-

ates into peroxisomes in fungi and plants is mediated
by MFS transporters of the drug/H* antiporter family
that contain 12 TMS. These transporters are similar to
those conferring MDR in eukaryotic cells. However, the
import of fatty acids into peroxisomes is mediated by ABC
transporters.
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