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Summary

Penicillins and cephalosporins are b-lactam antibiot-
ics widely used in human medicine. The biosynthesis
of these compounds starts by the condensation of the
amino acids L-a-aminoadipic acid, L-cysteine and
L-valine to form the tripeptide d-L-a-aminoadipyl-L-
cysteinyl-D-valine catalysed by the non-ribosomal
peptide ‘ACV synthetase’. Subsequently, this tripep-
tide is cyclized to isopenicillin N that in Penicillium is
converted to hydrophobic penicillins, e.g. benzylpeni-
cillin. In Acremonium and in streptomycetes, isopeni-
cillin N is later isomerized to penicillin N and finally
converted to cephalosporin. Expression of genes of
the penicillin (pcbAB, pcbC, pendDE) and cepha-
losporin clusters (pcbAB, pcbC, cefD1, cefD2, cefEF,
cefG) is controlled by pleitropic regulators including
LaeA, a methylase involved in heterochromatin
rearrangement. The enzymes catalysing the last two
steps of penicillin biosynthesis (phenylacetyl-CoA
ligase and isopenicillin N acyltransferase) are located
in microbodies, as shown by immunoelectron micros-
copy and microbodies proteome analyses. Similarly,
the Acremonium two-component CefD1–CefD2 epi-
merization system is also located in microbodies.
This compartmentalization implies intracellular trans-
port of isopenicillin N (in the penicillin pathway) or
isopenicillin N and penicillin N in the cephalosporin
route. Two transporters of the MFS family cefT and
cefM are involved in transport of intermediates and/or
secretion of cephalosporins. However, there is no

known transporter of benzylpenicillin despite its large
production in industrial strains.

Introduction: the structure of b-lactams

b-Lactams, like many other secondary metabolites, have
unusual chemical structures. All b-lactams contain a
four-membered b-lactam ring closed by an amide bond
(Fig. 1). Penicillins contain a bicyclic ‘penam’ nucleus
formed by fused b-lactam and thiazolidine rings and an acyl
side-chain bound to the amino group at C-6. They are
produced by a few Penicillium and Aspergillus species
(Aharonowitz et al., 1992). Recently penicillins have been
found to be produced by a few other deuteromycetes
(Laich et al., 1999; 2002; 2003). A second b-lactam
compound, cephalosporin C, produced by the fungi
Acremonium chrysogenum, Paecilomyces persicinus and
Kallichroma tethys (Kim et al., 2003) and some other
deuteromycetes, contains the cephem nucleus (a six-
membered dihydrothiazine ring fused to the b-lactam ring)
(Fig. 1). Cephalosporin C has a D-a-aminoadipyl side-
chain attached to the C-7 amino group, which is identical to
that of hydrophilic penicillin N but differs from those of
hydrophobic penicillins. Penicillins and cephalosporins are
of great clinical interest as inhibitors of peptidoglycan
biosynthesis in bacteria.

Two groups of modified cephalosporins, the cephamy-
cins and the cephabacins, are produced, respectively, by
various Gram-positive actinomycetes and some Gram-
negative bacteria (Aharonowitz et al., 1992). In the cepha-
mycins, the cephem nucleus contains, in addition to the
a-aminoadipyl side-chain, a methoxy group at C-7; this
group renders the cephamycin structure insensitive to
hydrolysis by most b-lactamases (Liras et al., 1998).

All these b-lactam compounds (penicillins, cepha-
losporins, cephamycins and cephabacins) share a
common mode of action and are synthesized from similar
precursors by pathways with some steps in common.

Penicillin, cephalosporin and cephamycin
biosynthetic pathways

A brief description of the biochemical pathways leading to
classical b-lactam antibiotic biosynthesis is made here.
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More detailed information on the specific steps are
given in other review articles (Aharonowitz et al., 1992;
Brakhage, 1998; Demain et al., 1998; Martín et al., 1999;
Liras and Martín, 2009).

The biosynthesis of the b-lactam compounds proceeds
through a series of sequential reactions including the for-
mation of a linear tripeptide intermediate and cyclization
of the tripeptide to form the penam nucleus (so-called
‘early biosynthetic steps’), conversion of the penam to the
cephem nucleus by ring expansion (‘intermediate steps’)
and ‘late (decoration) steps’ (Fig. 2) involving modifica-
tions of the b-lactam nucleus.

Three amino acids, L-a-aminoadipic acid, L-cysteine
and L-valine, are the precursors of the basic structure
of all the classical b-lactam antibiotics; L-valine and
L-cysteine are common amino acids but L-a-aminoadipic
acid is a non-proteinogenic amino acid and is formed
by a specific pathway related to lysine biosynthesis.
In bacteria-producing b-lactams, lysine is converted
into a-aminoadipic acid semialdehyde by lysine-6-
aminotransferase (LAT) and this semialdehyde is oxidized
to a-aminoadipic acid by a piperideine-6-carboxylic acid
dehydrogenase (P6C-DH) (Coque et al., 1991; de la
Fuente et al., 1997).

In fungi, a-aminoadipic acid is an intermediate of the
lysine biosynthesis pathway. In addition, lysine is catabo-
lized to a-aminoadipic acid in Penicillium chrysogenum (i)
by an w-aminotransferase, encoded by the oat1 gene,

which is induced by lysine (Martín de Valmaseda et al.,
2005), and (ii) by a reversal of the lysine biosynthesis
pathway catalysed by the enzymes saccharopine
dehydrogenase/saccharopine reductase (Naranjo et al.,
2001; Martín de Valmaseda et al., 2005).

Two early enzymatic steps are common to all the clas-
sical b-lactam producers, resulting in the formation of
isopenicillin N (IPN), the first compound in the pathway
with antibiotic activity. The first enzyme of the pathway is
the ACV synthetase (ACVS), a non-ribosomal peptide
synthetase. The ACV synthetases are very large multi-
functional proteins (Mr in the order of 420 kDa) encoded
by intron-free genes of 11 kb named pcbAB (Díez et al.,
1990; Gutiérrez et al., 1991) which occur in the fungal and
bacterial penicillin and cephalosporin (and cephamycin)
clusters (Fig. 3). This enzyme sequentially activates the
three substrates with ATP to form aminoacyl-adenylates,
binds them to the enzyme as thioesters, epimerizes the
L-valine to D-valine, links together the three amino acids to
form the peptide L-d(a-aminoadipyl)-L-cysteinyl-D-valine
(hereafter named ACV) and, finally, releases this tripep-
tide from the enzyme by the action of an internal
thioesterase activity. The ACV synthetases have three
well conserved domains that activate each of the three
amino acids respectively (Zhang and Demain, 1992; Aha-
ronowitz et al., 1993; Martín, 2000a).

The second enzyme in the pathway is the IPN synthase
(IPNS, cyclase) encoded by the pcbC gene. The IPN
synthases are intermolecular dioxygenases that require
Fe2+, molecular oxygen and ascorbate. They remove four
hydrogen atoms from the ACV tripeptide forming the bicy-
clic structure (penam nucleus) of IPN. The cyclase of P.
chrysogenum has been crystallized showing a bread roll-
like structure (Roach et al., 1995; 1997).

In addition to the pcbAB and pcbC genes common to
filamentous fungi and bacteria, the producers of hydro-
phobic penicillins (i.e. Penicillium, Aspergillus) contain a
third gene in the penicillin cluster, named penDE, of
eukaryotic origin (it contains three introns at difference of
pcbAB and pcbC that are of bacterial origin) which
encodes an IPN acyltransferase (IAT). This enzyme
hydrolyses the a-aminoadipic side-chain of IPN and
introduces an acyl molecule activated as its acyl-CoA
derivative to produce hydrophobic penicillins (e.g. benzyl-
penicillin). This gene is not present in cephalosporin C- or
cephamycin-producing microorganisms.

In addition to these key enzymes, other enzymes are
also required for penicillin biosynthesis, such as the aryl-
CoA ligases, which activate the side-chain aromatic acid
(Lamas-Maceiras et al., 2006; Wang et al., 2007) and
the phosphopantetheinyl transferase (PPTase) (Baldwin
et al., 1991a; Lambalot et al., 1996), which activates the
non-ribosomal ACV tripeptide synthase (the first enzyme
of the pathway).

Fig. 1. Chemical structure of the b-lactam ring, the penicillins
(penam nucleus) and cephalosporins (cephem nucleus). Different
penicillins contain distinct hydrophobic or hydrophilic side-chains
(R). The R1 and R2 groups of cephalosporins or cephamycins are
indicated below the structure of cephalosporin.
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Isopenicillin N is converted to its D-isomer (penicillin N)
in all the cephalosporin and cephamycin producers. Puri-
fication of the A. chrysogenum so-called ‘IPN epimerase’
proved to be difficult and unreliable. In 2002 a break-
through in our understanding of cephalosporin formation
occurred when it was reported that the epimerization
reaction was different in eukaryotic and prokaryotic micro-
organisms. The epimerization of IPN in A. chrysogenum is
encoded by two linked genes, cefD1–cefD2, located in the

‘early’ cephalosporin gene cluster. The first gene, cefD1,
has four introns and encodes a 71 kDa protein with simi-
larity to fatty acid acyl-CoA synthetases. In bacteria,
epimerization of IPN to penicillin N is catalysed by a
classical pyridoxal-phosphate-dependent epimerase. The
second gene, cefD2, contains one intron and encodes
a protein homologous to a-methyl-acyl-CoA racemases
of eukaryotic origin. Disruption of either of these ORFs
results in a lack of cephalosporin C production, loss of IPN

Fig. 2. Biosynthetic pathways of benzylpenicillin and cephalosporin in Penicillium chrysogenum (left) and Acremonium chrysogenum (right)
respectively. The first two steps (upper part of the figure) are common to both pathways. The L- or D-configuration of the a-aminoadipic
side-chains in each molecule is indicated by L or D on carbon 1 of this amino acid.
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epimerase activity and accumulation of IPN in the culture
(Ullán et al., 2002a). The proposed conversion includes
three biochemical steps: CefD1 converts IPN into isopeni-
cillinyl N-CoA; then CefD2 isomerizes the compound into
penicillinyl N-CoA, which seems to be released from the
enzyme by the third enzyme, a thioesterase (see Fig. 2).

The following step in the cephalosporin/cephamycin
pathway is the enzymatic expansion of the five-membered
thiazolidine ring of penicillin N to a six-membered dihy-
drothiazine ring. The enzyme responsible of this important
conversion is the deacetoxycephalosporin C (DAOC) syn-
thase. This protein is an intermolecular dioxygenase that
requires Fe2+, molecular oxygen and a-ketoglutarate to
form DAOC and succinic acid. The DAOC synthase does
not recognize (or does so very poorly) the isomer IPN,
penicillin G or the deacylated 6-aminopenicillanic acid
(6-APA) as substrates (Wu et al., 2005), although it recog-
nizes adipyl- or glutaryl-6-APA derivatives. The DAOC
synthase of Streptomyces clavuligerus has been crystal-
lized (Öster et al., 2006) and the gene cefE has been
introduced into P. chrysogenum, leading to the production
of adipyl-7-aminodeacetoxycephalosporanic acid (ad-7-
ADCA) and adipyl-7- aminocephalosporanic acid (ad-7-
ACA), (reviewed in Díez et al., 1997). The production of
adipyl derivatives requires addition of adipic acid to the
fermentation. The DAOC synthase from A. chrysogenum is
also able to catalyse the next step of the pathway, namely
the hydroxylation at C-3-forming deacetylcephalosporin C
(DAC), whereas in bacteria there is a separate C-3
hydroxylase encoded by cefF that performs this reaction.

The final step in cephalosporin C biosynthesis is the
conversion of DAC to cephalosporin C by the DAC-
acetyltransferase, which uses acetyl-CoA as donor of the
acetyl group. This enzyme encoded by the cefG gene
has an Mr of 49 kDa and is evolutionary similar to
O-acetylhomoserine acetyl transferases (Gutiérrez et al.,
1992; Velasco et al., 1999). The cefG gene contains two
introns and is linked to the cefEF gene, but in the opposite
orientation (Fig. 3).

Expression of the gene cluster for penicillin
biosynthesis

In P. chrysogenum, the three ‘core’ genes responsible for
penicillin biosynthesis are clustered with other ORFs
forming an amplifiable DNA unit of 56.8 kb (Fierro et al.,
2006; van den Berg et al., 2007); this unit is present in
several copies in high-penicillin-producing strains (Fierro
et al., 1995). The gene phlA encoding the phenylacetyl-
CoA ligase and the ppt gene encoding the PPTase that
activates the ACV synthetase are not located in the ampli-
fiable region.

Two of the penicillin biosynthetic genes, pcbAB and
pcbC, are transcribed from divergent (bidirectional) pro-
moter regions (Fig. 3). The expression of genes from a
region containing two divergent promoters has been
associated with reorganization of the chromatin structure
that allows facilitated interaction of those promoter
regions with the RNA polymerase II and the transcriptional
factors (García et al., 2004; Ishida et al., 2006; Shwab
et al., 2007).

Biosynthesis of hydrophobic penicillins in P. chryso-
genum and Aspergillus nidulans is affected by several
factors through complex regulatory processes (Chang
et al., 1990; Aharonowitz et al., 1992; Feng et al., 1994;
Martín, 2000b; Brakhage et al., 2004). Easily utilizable
carbon, nitrogen and phosphorous sources dramatically
affect the production of this antibiotic (Martín et al., 1999).
The transcriptional regulation of the genes responsible for
penicillin biosynthesis has been studied in detail. Regula-
tory elements have been identified (Chu et al., 1995;
Feng et al., 1995; Haas and Marzluf, 1995), such as
an enhancer region located in the divergent promoter
pcbAB–pcbC region of P. chrysogenum, which binds a
transcriptional activator named PTA1 (Kosalková et al.,
2000; 2007). However, surprisingly, no penicillin pathway-
specific regulatory genes have been found in the ampli-
fied region containing the three biosynthetic genes (Fierro
et al., 2006; van den Berg et al., 2007), which indicates
that penicillin biosynthesis might be controlled directly by
global regulators (e.g. CreA, PacC, Nre) rather than by
pathway-specific ones.

One of these regulators is the LaeA protein, which is a
nuclear methyltransferase controlling expression of the

Fig. 3. A. Penicillin gene clusters in Penicillium chrysogenum and
Aspergillus nidulans.
B. Cephalosporin gene clusters in Acremonium chrysogenum. The
‘early cluster’ contains seven genes encoding the biosynthetic
steps up to penicillin N and the MFS transporters, and the ‘late
cluster’ contains the two genes converting penicillin N to
cephalosporin C (see text).
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penicillin genes in P. chrysogenum (Kosalková et al.,
2009) and the synthesis of sterigmatocystin, lovastatin,
penicillin and pigmentation in several aspergilli (Bok and
Keller, 2004). LaeA also regulates the synthesis of
gliotoxin and the virulence of Aspergillus fumigatus (Bok
et al., 2005; Sugui et al., 2007). The LaeA protein contains
a SAM binding site characteristic of methyltransferases
and is predicted to function at the level of chromatin
modification (Bok and Keller, 2004; Bok et al., 2005; 2006;
Keller et al., 2005). It has been proposed that LaeA
regulates the gene clusters through heterochromatin
repression, perhaps by interacting with methylases or
deacetylases that are associated with heterochromatin
(Keller et al., 2005; Shwab et al., 2007; Kosalková et al.,
2009).

Organization and expression of the cephalosporin
biosynthesis genes

While in A. nidulans and P. chrysogenum the penicillin
biosynthesis genes are found in a single cluster, in A.
chrysogenum the genes involved in cephalosporin bio-
synthesis are organized in at least two clusters located on
different chromosomes. The pcbAB, pcbC, cefD1 and
cefD2 genes are linked in the so-called ‘early’ cepha-
losporin cluster, while the ‘late’ cluster contains the cefEF
and cefG genes (Fig. 3). These genes are involved in the
last two steps, which are specific for cephalosporin C
biosynthesis (Gutiérrez et al., 1992).

Expression of the cephalosporin biosynthesis genes in
A. chrysogenum is controlled by several global regulators
including the carbon catabolite repressor CreA (Jekosch
and Kück, 2000), the pH regulator PacC (Schmitt et al.,
2001; 2004a) and the winged helix transcriptional factor
CPCR1 (Schmitt et al., 2004b).

Recently, the velvet gene of A. chrysogenum veA has
been shown to control cephalosporin biosynthesis and
arthrospore formation (Dreyer et al., 2007). Acremonium

chrysogenum mutants disrupted in the veA gene show
an 80% reduction in the production of cephalosporin C.
Analyses of the transcripts of the cephalosporin C in the
mutants indicated that the main effect of the veA mutation
is on expression of the cefEF gene encoding the DAOC
synthase/hydroxylase enzyme, which is reduced by 85%
in the mutants as compared with the parental strain
(Dreyer et al., 2007).

The VeA protein carries a putative nuclear localization
signal. The veA gene is found in all ascomycetes studied
so far (Kim et al., 2002; Li et al., 2006). Moreover, VeA of
A. chrysogenum seems to be also involved in the devel-
opmentally dependent hyphal fragmentation to form
arthrospores.

In addition to the effect of this global regulator,
DL-methionine is a well-known inducer of cephalosporin
biosynthesis (Martín and Demain, 2002). Exogenous D-
(or DL-) methionine increases the level of mRNAs tran-
scribed from pcbAB, pcbC and cefEF genes (Velasco
et al., 1994). D-methionine (but not L-methionine) induces
IPN synthase and deacetylcephalosporin-C acetyltrans-
ferase and also stimulates arthrospore formation (Velasco
et al., 1994). The effect of methionine may be related to
that of the recently described veA-encoded protein.

Compartmentalization of intermediates and enzymes
in the biosynthesis of penicillins

The penicillin biosynthetic pathway occurs in different cel-
lular compartments (reviewed by van de Kamp et al.,
1999), which enables the spatial separation of precursors
and enzymes, and the regulation and optimization of the
processes involved. The distinct subcellular organization
of penicillin biosynthesis implies transport of enzymes,
precursors, intermediates and products through these
compartments (Fig. 4). Therefore, every enzymatic step
performed in an organelle has its own optimal environ-
mental conditions.

Fig. 4. Compartmentalization of the penicillin
biosynthetic pathway. Schematic
representation showing the enzymatic steps
and organelles involved in the penicillin
biosynthetic pathway. (1) ACV synthetase;
(2) IPN synthase; (3) IPN acyltransferase;
(4) Phenylacetyl-CoA (aryl-CoA) ligase. aAA,
L-a-aminoadipic acid; Cys, L-cysteine; Val,
L-valine; PAA, phenylacetic acid; PAA-CoA,
phenylacetil-CoA; PenG, benzylpenicillin.
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As indicated above, the penicillin biosynthetic pathway
begins with the non-ribosomal condensation of the amino
acids L-a-aminoadipate, L-cysteine and L-valine to form
the tripeptide ACV. This step is catalysed by the 420 kDa
ACV synthetase (Díez et al., 1990; Byford et al., 1997;
Martín, 2000a). Initial studies on P. chrysogenum ACV
synthetase associated this protein to membrane struc-
tures that were identified as Golgi-like organelles
(Kurylowicz et al., 1987). Additional cell fractionation
experiments located ACV synthetase attached to or inside
vacuoles (Müller et al., 1991; Lendenfeld et al., 1993).
However, the pH for the optimal in vitro ACV synthase
activity (pH = 8.4, which was higher than that of the vacu-
olar pH), the co-factor requirement and protease sensitiv-
ity indicated that this enzyme is a cytosolic enzyme.
Cytosolic localization of this enzyme was later confirmed
by electron microscopy techniques (Van der Lende et al.,
2002).

The ACV synthetase is synthesized as an inactive apo-
protein form that becomes active (holo form) by means of
a stand-alone large PPTase, which covalently attaches
the 4′-phosphopantetheine moiety derived from coen-
zyme A (Baldwin et al., 1991a; Lambalot et al., 1996).
Therefore, PPTases are necessary for penicillin biosyn-
thesis, as it was initially reported in A. nidulans (Lambalot
et al., 1996; Keszenman-Pereyra et al., 2003; Marquez-
Fernandez et al., 2007) and recently in P. chrysogenum
(García-Estrada et al., 2008a). Stand-alone PPTases are
likely located in the cytosol because of their role in the
activation of ACV synthetase and a-aminoadipate reduc-
tase. The latter enzyme that converts a-aminoadipate into
a-aminoadipate semialdehyde in the fungal lysine bio-
sinthetic pathway (Casqueiro et al., 1998; Ehmann et al.,
1999; Guo et al., 2001) occurs in the cytosol (Bhattachar-
jee, 1985; Matsuyama et al., 2006). A P. chrysogenum
mutant defective in the PPTase is a lysine auxotroph due
to the lack of activation of the a-aminoadipate reductase
(García-Estrada et al., 2008a).

The amino acid precursors of the ACV tripeptide are
provided through de novo synthesis, although they may
also be taken up from the medium; L-a-aminoadipic acid,
a non-proteinogenic amino acid, is taken from the culture
medium via the acidic amino acid permease and via the
general amino acid permease (Trip et al., 2004). Unlike
L-cysteine and L-valine, which are final products of
primary metabolism, L-a-aminoadipic acid is a key inter-
mediate in the lysine metabolism pathway of fungi (Bhat-
tacharjee, 1985; Bañuelos et al., 1999; 2000; Nishida and
Nishiyama, 2000; Zabriskie and Jackson, 2000). Mito-
chondria are essential organelles for the synthesis of this
precursor amino acid, since enzymes responsible for the
biosynthesis of a-aminoadipic acid such as homocitrate
synthetase and homoisocitrate dehydrogenase are
located within the mitochondrial matrix (Jaklitsch and

Kubicek, 1990; Kubicek et al., 1990). Once these precur-
sor amino acids are synthesized, they are stored in vacu-
oles (Lendenfeld et al., 1993). These organelles regulate
the levels of L-a-aminoadipate and cysteine, which are
toxic at moderate concentrations (Klionsky et al., 1990;
Kubicek-Pranz and Kubicek, 1991).

After the formation of ACV in the cytosol, this compound
serves as substrate of the 38 kDa IPN synthase, which
cyclizes the tripeptide to form IPN, an intermediate
already containing the b-lactam nucleus (Ramos et al.,
1985; Carr et al., 1986; Baldwin et al., 1987; 1991b;
Roach et al., 1997). The IPN synthase behaves as a
soluble enzyme (Abraham et al., 1981), although its activ-
ity in cell-free extracts seems to be stimulated by addition
of Triton X-100 or sonication (Sawada et al., 1980). This
protein colocalizes with ACV synthetase in the cytosol, as
it was confirmed by electron microscopy (Müller et al.,
1991; Van der Lende et al., 2002).

Peroxisomal location of the IATs

Unlike the cephalosporin C biosynthetic pathway, where
IPN is epimerized to form penicillin N (see below), in the
penicillin pathway the L-a-aminoadipyl side-chain of IPN
is exchanged for a more hydrophobic side-chain by the
acyl-CoA : IPN acyltransferase IAT (Álvarez et al., 1987;
Barredo et al., 1989; Tobin et al., 1990; Whiteman et al.,
1990).

The IAT is expressed as a 40 kDa precursor pro-
tein (proIAT) which undergoes an autocatalytic self-
processing between residues Gly-102–Cys-103 in P.
chrysogenum, thus constituting a heterodimer of two sub-
units; a (11 kDa, corresponding to the N-terminal frag-
ment) and b (29 kDa, corresponding to the C-terminal
region) (Barredo et al., 1989; Veenstra et al., 1989; Tobin
et al., 1990; 1993; Whiteman et al., 1990). In vivo, IAT
catalyses six different reactions (Álvarez et al., 1993)
related to the cleavage of IPN (releasing 6-APA) and the
replacement of the a-aminoadipyl side-chain of this inter-
mediate by aromatic acids activated in the form of aryl-
CoA derivatives (Álvarez et al., 1993). As a consequence
of the side-chain substitution, hydrophobic penicillins
(benzylpenicillin or phenoxyacetylpenicillin), which show
a significant increase of antimicrobial activity as com-
pared with that of IPN, are formed.

Isopenicillin N acyltransferases from P. chrysogenum
and A. nidulans contain a functional peroxisomal targeting
sequence PTS1 at the C-terminal end (ARL and ANI
respectively). Electron microscopy immunodetection has
shown that the acyltransferase of P. chrysogenum is
located inside peroxisomes (microbodies) (Müller et al.,
1991; 1992; 1995; García-Estrada et al., 2008b). In addi-
tion, transport of IAT inside the peroxisomal matrix is not
dependent on the processing state of the protein, since
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the unprocessed proIAT variant IATC103S is correctly tar-
geted to peroxisomes, although it is not active (García-
Estrada et al., 2008b).

Activation of the side-chain precursor (phenylacetic
acid for benzylpenicillin, or phenoxyacetic acid for phe-
noxymethylpenicillin) as a thioester with CoA (to form
phenylacetyl-CoA or phenoxymethyl-CoA) is required for
penicillin formation (Álvarez et al., 1993). This reaction is
catalysed by aryl-CoA ligases. These proteins belong to
the acyl adenylate protein family (Turgay et al., 1992),
which activate the acyl or aryl acids to acyl-AMP or aryl-
AMP, respectively, using ATP. After activation, AMP is
released and the carboxyl group is transferred to the thiol
group of CoA forming a thioester. Two aryl-CoA ligases
involved in the activation of phenylacetic acid have been
identified in P. chrysogenum (Lamas-Maceiras et al.,
2006; Wang et al., 2007). Like IAT, phenylacetyl-CoA
ligases bear a peroxisomal targeting signal on their
C-terminus and are localized into microbodies (Gledhill
et al., 1997). The localization of IAT and the two
phenylacetyl-CoA ligases in peroxisomes has been con-
firmed recently by physical isolation of those organelles
and MS identification of the peroxisomal proteins (Kiel
et al., 2009).

The peroxisomal colocalization of IAT and aryl CoA
ligases indicates that the last two enzymes of the penicillin
pathway form a peroxisomal functional complex, pointing
to this organelle as a key compartment of the penicillin
biosynthetic pathway. Peroxisomes (microbodies) are
organelles that show a diameter of 200–800 nm and are
surrounded by a single membrane (Müller et al., 1991).
They are involved in a variety of metabolic pathways like
b-oxidation of fatty acids (Kionka and Kunau, 1985;
Thieringer and Kunau, 1991a,b; Valenciano et al., 1996;
1998; Kiel et al., 2009) or karyogamy (Berteaux-Lecellier
et al., 1995). Penicillium chrysogenum microbody luminal
pH has been estimated to be slightly alkaline, in the range
of 7.0–7.5 (Van der Lende et al., 2002), a pH range
optimal for the aryl-CoA ligase and IAT (Álvarez et al.,
1987; 1993; Gledhill et al., 1997).

The importance of microbodies in penicillin biosynthe-
sis has been highlighted through the alteration of the
number and shape of these organelles as a result of the
overexpression of the Pc-Pex11p protein (a peroxin that is
involved in microbody abundance): overexpression of this
protein led to an increase in the production of penicillin.
This positive effect is likely to be related to an increased
transport of penicillin and/or its precursors across the
microbody membrane (Kiel et al., 2005), which evidences
that transport events through the membrane of this
organelle are very important. Because of the hydrophilic
nature of IPN, the uptake of this precursor from cytosol is
likely to occur through specific carriers. An active IPN
transport system must be present in the peroxisomal

membrane to assure an adequate pool of IPN inside
microbodies. The 6-APA is a penicillin precursor that is
originally formed into the microbody by the IAT; it has been
shown that this compound is taken up very efficiently
through the plasma and peroxisomal membranes, prob-
ably by passive diffusion (García-Estrada et al., 2007).
The difference in the transport efficiency between IPN and
6-APA may be due to differences in the polarity between
these two compounds. The hydrophobic penicillins
formed by the IAT might be released from the microbody
through simple diffusion, but this hypothesis is very
unlikely because the accumulated extracellular level is
much higher than the intracellular one.

Are there active transport systems for large-scale
secretion of penicillin or alternative vesicle
transport?

Penicillin is secreted in very large quantities by the over-
producing strains. In fed-batch cultures these industrial
strains reach a biomass of about 25–30 g l-1 and they
produce more than 40–50 g l-1 of penicillin. Since the last
steps of penicillin biosynthesis (namely the activation of
phenylacetic acid to phenylacetyl-CoA and the transacy-
lation reaction by the IAT) are located in peroxisomes, the
final product has to be transported out of the peroxisome,
first into the cytoplasm and then into the culture medium.

A significant effort has been made to clone transporters
involved in the secretion of penicillin from P. chrysoge-
num. Penicillin secretion is sensitive to verapamil, an
antagonist of multidrug transporters (van den Berg et al.,
2008), suggesting that secretion is an active process
involving this type of transporters. In a patent description,
a large number of P. chrysogenum ABC transporters
were cloned (29 different sequences) based on the con-
served motifs of the transporters (van den Berg, 2001;
Patent publication number WO 2001/32904). Surprisingly,
genetic modification of several of these transporters did
not affect the secretion of penicillin. The lack of clear
involvement of any of these ABC transporters in secretion
of penicillin is intriguing and may indicate that secretion of
this antibiotic in the overproducing strains does not
proceed through the classical ABC pumps, although this
might be the case in the wild-type strains; in other words,
new secretion pathways may have been implemented
in the penicillin-overproducing strains that were absent
(or inefficient) in the low-producing wild-type strains.

After sequencing the P. chrysogenum genome, two
approaches have been used to investigate if any of those
ABC transporters has a role in penicillin secretion, namely
(i) transcriptional upregulation following phenylacetic acid
addition to the culture and (ii) overexpression in an indus-
trial penicillin-producing strain when compared with the
wild-type strain (van den Berg et al., 2008).

b-Lactam regulation and compartmentalization 291

© 2009 The Authors
Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 3, 285–299



Transcriptional studies following phenylacetic acid addi-
tion revealed two groups of MDR genes that were upregu-
lated. However, many of those genes are probably related
to phenylacetate transport and catabolism, which is
known to affect penicillin biosynthesis (Rodríguez-Sáiz
et al., 2001), rather than with penicillin secretion.

The second approach, namely comparison of expres-
sion of MDR genes in a laboratory strain and in the indus-
trial producer, revealed that some of the ABC transporters
had increased expression in the industrial strain (van den
Berg et al., 2008). However, a detailed functional analysis
is required to confirm if the disruption or amplification of
these genes affect penicillin secretion.

A gene encoding an ABC transporter of A. nidulans
putatively involved in penicillin secretion was reported by
Andrade and colleagues (2000). However, a detailed
analysis of the reported evidence suggests that this gene
is likely involved in nutrient transport, affecting directly or
indirectly penicillin biosynthesis.

The pexophagy phenomenon in filamentous fungi:
a putative secretion through vesicles

In a late stage of the cultures, peroxisomes are known to
be integrated into vacuoles by the pexophagy phenom-
enon. Two types of pexophagy processes are known
(Sakai et al., 2006; Kiel and van der Klei, 2009). The
so-called macro-autophagy involves the sequestering of
portions of the organelles and cytoplasm into vacuoles
(Yorimitsu and Klionsky, 2005). In other cases, an autoph-
agy process is involved in the sequestering and incorpo-
ration of peroxisomes into vacuoles. This involves several
proteins encoded by the autophagy (ATG) genes (Klion-
sky et al., 2003). The ATG genes were initially discovered
in yeasts, but recently have been reported in Podospora
anserina (Pinan-Lucarré et al., 2003; 2005), Aspergillus
oryzae (Kikuma et al., 2006), A. fumigatus (Richie et al.,
2007) and A. nidulans (Kiel and van der Klei, 2009).

If the peroxisomes are integrated into vacuoles, the
benzylpenicillin formed in peroxisomes would be trans-
ferred to vacuoles and might be later secreted out of the
cells. Although fusion of the vacuoles to the plasma mem-
brane by an exocytosis process is possible, there is no
evidence to support that this might be a major mechanism
of penicillin release.

Compartmentalization and internal transport
systems in the biosynthesis of cephalosporins

The cephalosporin pathway is an example of a complex
secondary metabolite pathway that appears to involve
several internal transporters. Only two fungal carriers
have been described to be directly or indirectly involved in
the b-lactam antibiotic secretion: (i) the multidrug ABC

transporter encoded by the atrD gene of A. nidulans
(Andrade et al., 2000) that affects penicillin biosynthesis,
and (ii) the cefT gene that is involved in transport of
b-lactam compounds in A. chrysogenum (Ullán et al.,
2002b). The cefT gene is located in the early cepha-
losporin gene cluster and encodes a multidrug efflux
pump protein belonging to the MFS class. The CefT
protein is a membrane protein that has 12 transmem-
brane spanners (TMS) and contains all characteristic
motifs of the drug: H+ antiporter 12-TMS group of the
major facilitator superfamily. Inactivation of the cefT does
not reduce cephalosporin C biosynthesis, indicating that
CefT is not the main transporter for cephalosporin C bio-
synthesis. However, when cefT was overexpresed in A.
chrysogenum, it resulted in a twofold increase in total
cephalosporin production (Ullán et al., 2002b).

Recently, heterologous expression of the cefT gene
in the cephalosporin producer P. chrysogenum TA98, a
strain carrying the cephalosporin biosynthesis genes
(Ullán et al., 2007), revealed that the CefT protein is func-
tional in P. chrysogenum acting as a hydrophilic b-lactam
transporter involved in the secretion of hydrophilic
b-lactams containing the a-aminoadipic acid side-chain
(Ullán et al., 2008). Penicillium chrysogenum TA98 trans-
formants showed an increase in the secretion of DAC and
hydrophilic penicillins (IPN and PenN). In addition, when
cefT was expressed in the parental P. chrysogenum Wis
54-1255, it resulted in an increased secretion of IPN and
a drastic reduction of benzylpenicillin production. Similar
results were obtained by Nijland and colleagues (2008)
with the introduction of the cefT gene of A. chrysogenum
in an adipoyl-7-amino-3-carbamoyloxymethyl-3-cephem-
4-carboxylic acid (ad7-ACCCA)-producing P. chrysoge-
num strain. Expression of cefT in this industrial strain
results in almost a twofold increase in cephalosporin
(ad-7-ACCCA) production.

It is noteworthy that Southern and Northern analyses
showed the presence of an endogenous P. chrysogenum
gene similar to cefT. The exact role of the cefT analogue
is not yet known.

In A. chrysogenum all publications reported that the
enzymes ACV synthetase (Baldwin et al., 1990), IPN
synthase (Samsom et al., 1985), DAOC synthase-
hydroxylase (Scheidegger et al., 1984; Dotzlaf and Yeh,
1987; Samsom et al., 1987) and DAC acetyltransferase
(Gutiérrez et al., 1992; Matsuda et al., 1992; Velasco
et al., 1999) of the cephalosporin biosynthesis pathway
have a cytosolic location (reviewed in van de Kamp et al.,
1999; Evers et al., 2004).

The central step of the cephalosporin biosynthetic
pathway is the conversion of isopenicillin N to penicillin N
that is catalysed by the isopenicillinyl N-CoA synthetase
and isopenicillin N-CoA epimerase proteins encoded by
the cefD1 and cefD2 genes respectively (Ullán et al.,
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2002a). Bioinformatic analysis of the CefD1 and CefD2
proteins revealed the presence of putative peroxisomal
targeting signals (PTSs) characteristic of peroxisomal
matrix proteins (Reumann, 2004). Targeting and import of
the peroxisomal matrix proteins depends on the PTSs
present in each protein. Peroxisomal targeting signals fall
into two categories: PTS1 and PTS2 (Hettema et al.,
1999). The PTS1 signal is located at the C-terminal end
of proteins (consensus sequence: SKL or its derivative
S/C/A-K/R/H-L) (Purdue and Lazarow, 2001) whereas the
PTS2 signal is located at the N-terminal region of proteins
with a consensus sequence [(R/L)(L/V/I)-X5-(H/Q)(L/A)]
(Rachubinski and Subramani, 1995; Reumann, 2004).
CefD1 protein contains a putative PTS1 whereas CefD2
contains putative PST1 and PST2 targeting sequences.
Moreover, the optimum pH for the in vitro conversion of
IPN into PenN in A. chrysogenum cell-free extracts was
7.0 (Baldwin et al., 1981; Jayatilake et al., 1981; Lübbe
et al., 1986). This optimum pH for the PenN synthesis is
the same that was estimated for the peroxisomal lumen
(van der Lende et al., 2002). Recently, the CefD1 and
CefD2 homologue proteins of P. chrysogenum have been
found in the peroxisome matrix (Kiel et al., 2009).
Therefore, the epimerization step seems to take place
in peroxisomes and requires specific transport steps of
precursors and intermediates across the peroxisomal
membrane.

Our research group has identified some of these key
metabolite transporters. Recently, we found the cefM
gene (Teijeira et al., 2009) that is located in the early
cephalosporin cluster (chromosome VII) downstream
from cefD1 and encodes another efflux pump protein
belonging to the MFS class of membrane proteins
specifically to Family 3 (drug efflux proteins), the same
family of the CefT protein (Ullán et al., 2002b). Bioinfor-
matic analysis of the CefM protein sequence revealed
the presence of a Pex19p-binding domain (http://
www.peroxisomedb.org/) located between amino acids

212–221. This domain is characteristic of proteins that are
recruited by the Pex19 protein to be incorporated in
the peroxisomal membrane (Rottensteiner et al., 2004).
Targeted inactivation of cefM gene was accomplished
by the two marker strategy (Liu et al., 2001; Ullán et al.,
2002a,b). The disrupted mutant (Teijeira et al., 2009)
showed a drastic reduction (more than 90%) in the extra-
cellular penicillin N and cephalosporins production, and
accumulated more intracellular penicillin N than the
parental strain. Complementation in trans with the cefM
gene cloned in integrative vectors restored the intracellu-
lar penicillin N levels, and the secreted levels of the
cephalosporin intermediates and cephalosporin C.

Localization of the CefM transporter

cefM–GFP fusions were used to study the in vivo local-
ization of the CefM protein. The confocal microscopy
analysis revealed a microbody localization of this protein
(Teijeira et al., 2009). Taken together, these results
suggest that the CefM protein is involved in the penicillin
N secretion from the microbody lumen to the cytosol in A.
chrysogenum and reveals a compartmentalization of the
cephalosporin C biosynthetic pathway.

Based on these results, we propose a hypothetical
model of compartmentalization in the biosynthesis of
cephalosporins (Fig. 5). This compartmentalization model
starts with the ACV and IPN synthesis in the cytosol by
cytoplasmic ACV synthetase and IPN synthase (Evers
et al., 2004). Later the IPN is transported to the peroxi-
some where it is converted in PenN by the two-protein
(CefD1–CefD2) epimerization system (Ullán et al.,
2002a). Afterwards, the penicillin N is transported to the
cytosol, by means of the CefM carrier (Teijeira et al.,
2009), where the two last enzymes of the cephalosporin
pathway synthesize cephalosporin C (van de Kamp et al.,
1999; Evers et al., 2004). On the other hand, the secretion
of intermediates of the cephalosporin C biosynthetic

Fig. 5. Proposed model describing the
compartmentalization of the cephalosporin C
biosynthetic pathway in A. chrysogenum
showing the localization of the CefT and CefM
transporters. ACVS, d-L-a-aminoadipyl-L-
cysteinyl-D-valine synthetase; ACV,
L-d(a-aminoadipyl)-L-cysteinyl-D-valine; IPNS
isopenicillin N synthase; IPN, isopenicillin N;
IPN-ACS isopenicillin N-CoA synthetase;
IPN-ACE; isopenicillin N-CoA epimerase;
PenN, penicillin N; EH,
deacetoxycephalosporin synthase
(expandase/hydroxylase); DAC,
deacetylcephalosporin C; DAC-AT,
deacetylcephalosporin acetyltransferase;
CPC, cephalosporin C.
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pathway in A. chrysogenum appears to be performed by
the CefT trasporter (Fig. 5). Although the CefT protein has
not been yet localized in A. chrysogenum using fluores-
cent dyes, heterologous expression of the CefT–GFP
fusion in P. chrysogenum indicates that it is located in the
plasma membrane (Nijland et al., 2008).

Summary and future outlook

In summary, peroxisomes play an important role in
b-lactams synthesis as several of the key biosynthetic
steps take place in this organelle. The biosynthetic
pathway of cephalosporin C in A. chrysogenum is compart-
mentalized and takes place in the cytosol and the peroxi-
somes, like the biosynthetic pathway of penicillin in P.
chrysogenum. The CefM protein seems to act as a trans-
porter between the peroxisomal lumen and the cytosol to
provide the penicillin N molecules for the subsequent
expandase/hydroxylase and acetyl-CoA : DAC acetyl-
transferase reactions. More detailed experimental work is
still required to confirm the role of each of these transport-
ers, and how to take advantage of the genetic modification
of these genes to increase transport of the intermediates
and secretion of the final product. Significant progress has
been recently made on the proteomics of peroxisome
biosynthesis (Kiel et al., 2009). The ‘omics’ studies will
allow a global view of the role of organelles in fungal
physiology and secondary metabolite biosynthesis. Our
present knowledge on transport of biosynthetic intermedi-
ates and secretion of the final products is only sketchy and
further progress will depend upon scientific advance on the
knowledge of secondary metabolite transporters.
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