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Summary. No DNA sequence homologous to the penDE 
gene of Penicillium chrysogenum was found in the ge- 
home of three different strains of Cephalosporium acre- 
monium. The pcbC-penDE gene cluster of P. chrysogen- 
um complemented the isopenicillin N synthase deficiency 
of C. acremonium mutant N2 and resulted in the produc- 
tion of penicillin, in addition to cephalosporin, in cul- 
tures supplemented with phenylacetic acid. The penicil- 
lin formed was identified as benzylpenicillin by HPLC 
and NMR studies. The penDE gene of P. chrysogenum 
is expressed in C. acremonium forming a transcript of 
1.15 kb. The transcript is processed and translated in 
C. acremonium resulting in the formation of acyl CoA: 
isopenicillin N acyl transferase. When the penDE gene 
was introduced into a cephalosporin producing strain, 
the total titre of fl-lactam antibiotics comprised distinct 
proportions of penicillin and cephalosporin in different 
transformants. Analysis of the hybridization patterns of 
the DNA of C. acremonium transformed with the pcbC 
or penDE genes indicated that integration occurs by 
non-homologous recombination. 

Key words: Penicillin biosynthesis -Isopenicillin N acyl- 
transferase -penDE gene - Expression in Cephalospor- 
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Introduction 

The biosynthetic pathways of penicillin in Penicillium 
chrysogenum and cephalosporin in Cephalosporium acre- 
monium have the first two steps in common (Martin 
and Liras 1989) (Fig. 1). Both antibiotics are formed 
by condensation of the three precursor amino acids (L-e- 
aminoadipic acid, c-cysteine and L-valine) to form the 
6-(L-e-aminoadipyl)-L-cysteinyl-D-valine tripeptide 
(ACV). This tripeptide is cyclized by isopenicillin N syn- 
thase (IPNS) to form isopenicillin N (IPN), a penicillin 
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having an e-aminoadipyl side chain. From IPN the path- 
way diverges in penicillin and cephalosporin producers. 
In P. chrysogenum, the e-aminoadipyl side chain of IPN 
is exchanged for aromatic acids such as phenylacetic 
or phenoxyacetic acid by the isopenicillin N acyltransfer- 
ase (previously named 6-aminopenicillanic acid acyl- 
transferase) (AAT) (Alvarez et al. 1987). This reaction 
does not occur in C. acrernonium as it lacks AAT. In 
cephalosporin producers (but not in P. chrysogenurn), 
IPN is isomerized to penicillin N by the isopenicillin 
N epimerase. Penicillin N is converted to deacetoxyce- 
phalosporin C by the deacetoxycephalosporin C synthe- 
tase (the so-called ring-expanding enzyme or expandase). 
Deacetoxycephalosporin C is hydroxylated to deacetyl- 
cephalosporin C by an e-ketoglutarate-linked dioxygen- 
ase. Acetylation of deacetylcephalosporin C to cepha- 
losporin C is the terminal reaction of the pathway in 
cephalosporin-producing fungi (Martin and Liras 1989). 

The three genes (pcbAB, pcbC and penDE) involved 
in penicillin biosynthesis have now been cloned and 
characterized. Gene designations have been made ac- 
cording to the comprehensive proposal of Martin et al. 
(1990). The pcbC gene (encoding isopenicillin N syn- 
thase; previously named ips) has been cloned from two 
different strains of P. chrysogenum (Carr et al. 1986; 
Barredo et al. 1989 a). The isopenicillin N acyltransferase 
gene (penDE; previously named aat) has been cloned 
from the genome of P. chrysogenum (Barredo et al. 
1989 b) and also from Aspergillus nidulans (Montenegro 
et al. 1990). The gene encoding the tripeptide synthetase 
(pcbAB) has recently been cloned in our laboratory (Diez 
et al. 1990). The three genes, pcbAB, pcbC and penDE, 
are linked together in a region of the chromosome of 
P. chrysogenum (Diez et al. 1989, 1990; Smith etal. 
1990) and also of A. nidulans (Montenegro et al. 1990; 
MacCabe et al. 1990), which is amplified in high penicil- 
lin-producing strains (Barredo et al. 1989c). Similarly, 
two of the genes involved in the biosynthesis of cepha- 
losporin have been characterized: pcbC which codes for 
IPNS (Samson et al. 1985) and the gene (cefEF) encod- 
ing the bifunctional deacetoxycephalosporin C synthe- 
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ase; 4, isopenicillin N amidase (6-APA forming); 5, 6-APA acyl- 
transferase. Right: Biosynthetic pathway of cephalosporin C from 
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the same component amino acids. 1, ACV synthetase; 2, isopenicil- 
lin N synthase; 3, isopenicillin N epimerase; 4, deacetoxycepha- 
losporin C synthase; 5, deacetoxycephalosporin C hydroxylase; 
6, deacetylcephalosporin C acetyltransferase. Note that the two 
initial steps are identical in both biosynthetic pathways 

tase/deacetylcephalosporin C synthetase (Samson et al. 
t987). 

Protoplast transformation systems for introduction 
of DNA into P. chrysogenum and C. acremonium have 
been reported (Kolar et al. 1988; Queener et al. 1985; 
Cantoral et al. 1987; Diez et al. 1987; see also review 
by Fincham 1989). Using these transformation systems 
it is possible to transfer genes from penicillin-producing 
fungi to cephalosporin producers and vice versa. If these 
genes are expressed this 'directed recombination' may 
result in the synthesis of hybrid antibiotics (Hopwood 
et al. 1985) or in the production of a known ~-lactam 
antibiotic by a different strain which might have better 
fermentation characteristics. Since C. acremonium does 
not have isopenicillin N acyltransferase activity, it was 

of great interest to transform this microorganism with 
the penDE gene of P. chrysogenum and to study its ex- 
pression. We present in this paper evidence showing that 
the penDE gene (which contains three introns) is ex- 
pressed in C. acremonium forlhing a 1.15 kb transcript 
and a functional isopenicillin N acyltransferase. This re- 
sults in the production of benzylpenicillin by C. acremon- 
ium, a microorganism which does not produce penicillin 
in nature. The transforming gene is integrated into high- 
molecular weight DNA, presumably in the chromosome. 

Materia ls  and methods 

Strains and culture conditions. Three strains of C. acre- 
monium were used in this work. C. acremonium CW-19 
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is a standard laboratory cephalosporin-producing strain 
(Zanca and Martin 1983; P6rez-Martinez and Peberdy 
1985). Strain N2 is a mutant blocked in cephalosporin 
biosynthesis (Shirafuji et al. 1979) which accumulates 
ACV and is deficient in isopenicillin N synthase (Ramos 
et al. 1986) due to a mutation within the pcbC structural 
gene (Ramsden et al. 1989). Strain C-10 is a high cepha- 
losporin-producing mutant (Ramos et al. 1989) of Pan- 
labs Inc. and was kindly provided by A.L. Demain. Liq- 
uid cultures were maintained as described by Zanca and 
Martin (1983) using the complex medium of Caltrider 
and Niss (1966) supplemented with 0.8 mg/ml of potassi- 
um phenylacetate. DL-Methionine (3 mg/ml) was added 
at 36 h of incubation to stimulate cephalosporin biosyn- 
thesis (Caltrider and Niss 1966). The penDE gene used 
was cloned from P. chrysogenum AS-P-78, a raised-titre 
strain (Barredo et al. 1989b) provided by Antibidticos, 
S.A., Le6n, Spain. Isopenicillin N acyltransferase activi- 
ty was determined as reported previously (Alvarez et al. 
1987). 

Determination of benzylpenicillin and cephalosporin C. 
Benzylpenicillin was quantified by bioassay using Micro- 
coccus luteus ATCC 9341 as test strain; this strain is 
very sensitive to benzylpenicillin (minimum inhibitory 
concentration below 0.02 gg/ml) and insensitive to ce- 
phalosporin C up to levels of 10 mg/ml, under our exper- 
imental conditions. The titre of cephalosporin C was 
determined after addition of Bacillus cereus penicillinase 
(Difco, penicillin-specific) to remove penicillins from the 
broth followed by bioassay using Escherichia coIi 
ESS 2231 (a fl-lactam supersensitive strain) as test organ- 
ism. 

Transformation of C. acremonium. Preparation of C. ac- 
remonium protoplasts and transformation with plasmids 
carrying the phleomycin resistance marker (or co-trans- 
formation with EMBL3 16A/pULJL43 DNA) was car- 
ried out esentially as described previously (Cantoral 
et al. 1987; Diez et al. 1987), except that protoplasts 
were plated in TSA medium (Oxoid Ltd, Basingstoke, UK) 
containing 10.3% sucrose and transformants were selec- 
ted by resistance to 10 gg/ml of phleomycin. A volume 
of 100 gl of protoplast suspension (4 x 108 protoplasts/ml) 
was mixed with polyethylene glycol (PEG-6000) at a final 
concentration of 18 % and plasmid DNA (4.5-10 l-tg). 

DNA isolation, Southern blotting and hybridization. All 
DNA work, including plasmid isolation and purifica- 
tion, cleavage with restriction enzymes, Southern blot- 
ting and hybridization with probes carrying either the 
pebC or the penDE gene, was done as described pre- 
viously (Barredo et al. 1989a, b; Diez et al. 1989). 

RNA isolation and Northern analysis. Total RNA from 
C. acremonium transformants was prepared as described 
by Ausubel et al. (1987). RNAs were separated by elec- 
trophoresis in denaturing agarose gels as described pre- 
viously (Barredo et al. 1989b; Diez et al. 1989), blotted 
to nitrocellulose paper and hybridized with a 1430 bp 
Xmnl-Xbal probe, which carries the complete penDE 
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Fig. 2. Fragments of the pcbC-penDE cluster of Penieillium chryso- 
genum AS-P-78 (upper stippled segment) subcloned in vectors 
pULJL43 or pULFC1 (see text for details) to obtain pULFRI0, 
pULFR20, pULFR30, pULFR40 and pULFR50. The pcbC and 
penDE genes are indicated by thick arrows. IGR, intergenic region. 
Numbers indicate DNA size in kb 

gene of P. ehrysogenum labelled by nick translation (Bar- 
redo et al. 1989b). The hybridization was carried out 
at 42 ° C for 20 h, and washed once with 2 x SSC, 0.1% 
SDS at room temperature for 15 rain, once with 2 x SSC, 
0.1% SDS at 42 ° C for 15 rain and once more with 0.1 x 
SSC, 0.1% SDS at 65 ° C for 15 rain (1 x SSC is 0.15 M 
NaC1, 15 mM sodium citrate). The filter was exposed 
to X-ray film (Amersham) for 48 h. 

Results 

Subcloning of the pcbC and penDE genes 
ofP. chrysogenum in the vector pULJL43 

Vector pULJL43 (S. Guti~rrez and J.L. Barredo, unpub- 
lished) carries the phleomycin resistance marker and 
contains two EcoRV sites. A 258 bp EcoRV fragment 
was removed to obtain a single EcoRV site which is 
useful for cloning fragments that have blunt ends. The 
new plasmid was named pULFC1 (4.0 kb). Using these 
vectors, different fragments from the previously cloned 
pcbC-penDE region of P. chrysogenum (Barredo et al. 
1989 a, b; Diez et al. 1989) were subcloned forming five 
new plasmids pULFR10, pULFR20, pULFR30, 
pULFR40 and pULFR50 (Fig. 2). 

pULFR10 was obtained by subcloning a 2.2 kb SmaI 
fragment isolated from pULJL7 (Barredo et al. 1989a) 
which carries the pcbC gene into EcoRV-digested 
pULFC1, pULFR20 was formed by subcloning a 2.0 kb 
XhoI-SalI fragment from pULJL33, which carries the 
penDE gene (Barredo et al. 1989b), into J(hoI-SaII-di- 
gested pULJL43, pULFR30 was constructed by sub- 
cloning a 1.3 kb BamHI-XhoI fragment derived from 
pULJL33, which carries the intergenic region (IGR) be- 
tween the pcbC and penDE genes of P. chrysogenum, 
filled in with Klenow DNA polymerase, into EcoRV- 
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Table 1. Transformation of Cephalosporium acremonium N2 with plasmids carrying the pcbC and/or penDE genes and complementation 
of the mutation in the cephalosporin biosynthetic pathway 

Vectors Penicillin DNA Total Transformants Transformants with Designation of the 
biosynthetic (lag) number of assayed for positive complementation of antibiotic-producing 
genes transformants antibiotic production antibiotic biosynthesis transformants 

None a _ 0 0 0 0 - 
pULJL43 None 5 144 50 0 - 
pULFR50 pcbC, penDE 4.5 87 75 20 TN2.]-TN2.19 
pULFR10 pebC 5 97 78 7 TN2.70-TN2.76 
EMBL3- 
16A/ 
pULJL43 b pcbC, penDE 10/1.7 68 22 5 TN2.50-TN2.54 

" Control transformation reactions without addition of DNA 
b DNA from phage 16A, a derivative of EMBL3 which carries the genes pcbC, penDE and the intergenic region between them cotrans- 
formed with pULJL43 
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Fig. 3. Production of benzylpenicillin (A--A) and cephalosporin 
( o - - e )  C by clones of Cephalosporium acremonium N2 trans- 
formed with the pcbC gene (TN2.70) or with the pcbC and penDE 

TN2.70 

24 48 72 96 

genes (TN2.50 and TN2.1) genes of P. chrysogenum AS-P-78. See 
Table 1 for details. Benzylpenicillin and cephalosporin C were 
quantified as described in the Materials and methods 

digested pULFC1,  p U L F R 4 0  was obtained by subclon- 
ing a 3.5 kb BamHI fragment,  which carried the penDE 
gene, into BamHI-digested pULJL43,  p U L F R 5 0  con- 
tains the 5.1 kb SaII fragment,  which carries pcbC, 
penDE and the intergenic region (Diez et al. 1989), sub- 
cloned into Sa/I-digested pULJL43.  

Transformation and complementation of C. acremonium 
N2 with the pcbC gene ofP. chrysogenum 

C. acremonium N2 has a muta t ion  in the isopenicillin 
N synthase structural gene (Ramos et al. 1986; Ramsden 
et al. 1989) and therefore accumulates ACV and is un- 
able to produce cephalosporin (Shirafuji et al. 1979). 

Protoplasts  of  N2 t ransformed as indicated in Mate- 
rials and methods were selected by resistance to 10 pg/ml 
of  phleomycin. The phleomycin-resistant t ransformants  
were grown in plates of  Caltrider and Niss complex me- 
dium (Caltrider and Niss 1966) with 2% agar, which 

supported good antibiotic production. Agar plugs of  
each t ransformant  were assayed after 5 days of  growth 
at 27 ° C against t he /Mac tam supersensitive E. coli strain 
ESS-2231. Results (Table 1) showed that  between 7% 
and 20% of  the phleomycin-resistant t ransformants  
(with p U L F R 1 0  or pULFR50 ,  respectively) were able 
to synthesize a / M a c t a m  antibiotic. None of the 50 clones 
t ransformed with the vector without  insert (pULJL43) 
were able to produce antibiotic. The untransformed N2 
mutan t  did not show reversion to antibiotic production. 

The clones obtained f rom each t ransformat ion which 
gave the largest inhibition zone in solid Caltrider and 
Niss medium were studied in detail in liquid cultures 
to quantify the concentration of  antibiotic produced and 
to identify the antibiotic being formed. Results (Fig. 3) 
indicated that  three different t ransformants  (all carrying 
the pcbC gene of  P. ehrysogenum) were able to synthesize 
cephalosporin, in contrast  to the untransformed N2 
strain, which did not form any antibiotic. Transformants  
TN2.]  and TN2.50 which were t ransformed with plas- 
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mid pULFR50  or phage EMBL3-16A carrying the pcbC 
and penDE genes, formed penicillin in addition to cepha- 
losporin C, but TN2.70, which lacked the acyltransferase 
(penDE) gene, was unable to form penicillin. These re- 
sults suggest that the formation of  penicillin in trans- 
formed clones of  C. acremonium N2 was due to the ex- 
pression of  the penDE gene. 

Extraction and characterization of the penicillin produced 
by the transformant TN2.1 

To confirm that the antibiotic produced by the transfor- 
mants was penicillin, 6 ml of culture broth of  transfor- 
mant TN2.1 and also of  C. acremonium strains CW-19 
and N2 were adjusted to pH 2.0 with phosphoric acid 
and the penicillin (acid form) was extracted with 4 ml 
of diethylether with agitation in a Vortex mixer. After 
removal of  the aqueous phase, the penicillin in the or- 
ganic phase (potassium salt) was extracted with 0.5 ml 
of  0.1 M potassium phosphate buffer, pH 7.0. A solvent- 
soluble, penicillinase-sensitive antibiotic was extracted 
from cultures of  t ransformant TN2.1 which was clearly 
more active against M. luteus than against E. coli (i.e. 
showed a penicillin-type antimicrobial action). No anti- 
biotic could be extracted from cultures of  C. acremonium 
strains N 2 and CW-I 9 using this procedure. 

To identify the extracted antibiotic, 50 gl aliquots 
of  the aqueous phase were injected into a Nucleosil CI 8 
HPLC column (Scharlau, Barcelona, Spain) and eluted 
with 50 mM potassium monophosphate-methanol  
(70: 30) at a flow rate of  1.5 ml/min. Fractions were col- 
lected and assayed for antibiotic activity. The retention 
time (14.6 rain) and the antibiotic activity against M. 
luteus and E. coli agreed with those of  pure benzylpeni- 
cillin (sodium salt). The nature of  the benzylpenicillin 
formed was further confirmed by N M R  spectrometry 
using a Bruher AM360 WB spectrometer (A.M. Veen- 
stra, personal communication). 

Acyl-coenzyme A : isopenicillin N acyltransferase activity 
in transformants of C. acremonium N2 

The AAT activity encoded by the penDE gene was deter- 
mined in cell-free extracts of  culture of  the three trans- 
formants (TN2.1, TN2.50 and TN2.70) of  C. acremon- 
ium N2. Results (Table 2) indicated that significant AAT 
activity was present in strains TN2.1 and TN2.50 (which 
were transformed with the penDE gene) but  not  in the 
untransformed C. acremonium N2 or in strain TN2.70 
(which was transformed with the pcbC but not with the 
penDE gene). These results indicate that the penDE gene 
of  P. chrysogenum is expressed in C. acremonium. Since 
three introns are present in the penDE gene of  P. chryso- 
genum, these appear to be correctly processed in C. acre- 
monium as well. Furthermore,  these results indicate that 
the pre-AAT is processed in C. acremonium into the 

Table 2. Acyl-coenzyme A:isopeniciUin N acyltransferase activity 
in transformants of C. acremonium N2 

Strains Penicillin Protein in AAT 
biosynthetic cell-free Specific activity 
genes extracts picokatals"/mg 

(mg/ml) of protein 

N2 None 10.4 0 
TN2. i pcbC, penDE 8.5 1.95 
TN2.50 pcbC, penDE 12.2 0.26 
TN2.70 pcbC 11.2 0 

a One pkatal = one picomole of benzylpenicillin formed per second 

1 2 3 
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Fig. 4. Determination of the size of the transcript of the penDE 
gene in C. acremonium TN2.1 by Northern hybridization. Total 
RNA from C. acremonium N2 (lane 1) and from the transformed 
TN2.1 (lane 2) was obtained as described in the Materials and 
methods and hybridized with a 1430 bp XmaI-XbaI probe which 
carries the entire penDE of P. chrysogenum labelled with nick trans- 
lation. Lane 3, for comparison of transcript sizes, is RNA of C. 
acremonium C-10 hybridized with a 1.8 kb SalI-BamHI fragment 
which carries most of the pcbC gene. Size markers in kb (Boehr- 
inger, RNA molecular weight marker set I) are indicated at the 
left 

enzymatically active form of  AAT, as occurs in P. chry- 
sogenum and A. nidulans (see Discussion). 

Transcription of the penDE gene in C. acremonium 
TN2.1 

Transcription of  the penDE gene in the C. acremonium 
t ransformant TN2.1 was studied by Northern hybridiza- 
tion. Total RNA prepared from C. acremonium N2 and 
from the transformant TN2.1 was hybridized with a 
probe that carries the entire penDE gene of  P. chrysogen- 
urn. As observed in Fig. 4 a single transcript of  about 
1.15 kb in the transformant TN2.1 hybridized with the 
penDE probe but no hybridization was observed with 
the RNA of  the untransformed strain. The size of  the 
transcript was identical to that 9f the native transcript 
previously identified in P. chrysogenum (I. 15 kb) (Barre- 
do et al. 1989b). 
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Fig. 5. A Competition between isopenicillin N epimerase and isopenicillin N acyltransferase for the intermediate isopenicillin N (see 
text). B Production of penicillin (A--A)  and cephalosporin ( e - - e )  by CW-19 and the transformants TCW19.1 and TCWl9.10 carrying 
the penDE gene 

Table 3. Transformation of C. acremonium CW-19 with plasmids carrying the pcbC or penDE genes and production of benzylpenieillin 
by the transformants 

Vectors Penicillin DNA Number of Production of Designation of 
biosynthetic (gg) transformants benzylpenicillin penicillin-producing 
genes obtained transformants 

None - 0 0 0 
pULJL43 None 5 55 0 
pULFR10 pcbC 5 5 0 - 
pULFR20 penDE 5 2 2 TCW19.1-TCW19.2 
pULFR30 IGR a 5 9 0 - 
pULFR40 IGR-penDE 5 15 15 TCW 19.10-TCW 19.24 

a IGR, intergenic region between the pcbC and penDE genes (see Fig. 2) 

Expression of the p e n D E  gene in cephalosporin-producing 
strains of C, ac remon ium results in the simultaneous 
production of benzylpenicillin and cephalosporin 

I f  the penDE gene of  P. chrysogenum is expressed in 
cepha lospor in -produc ing  C. acremonium, two enzymes 

isopenicillin N epimerase and  isopenicillin N acyltrans- 
ferase would  compete  for  the pool  o f  isopenicillin N 
(Fig. 5A). C. acremonium CW-19,  a cephalospor in-pro-  
ducing l abora to ry  strain was t rans formed  with plasmids 
carrying different regions o f  the P. chrysogenum pcbC- 
penDE cluster. Transformants  with each of  the construc-  
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BamHI. The arrows in A (lanes 1-3, 7-9) indicate hybridizing frag- 
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merits o f  u n t r a n s f o r m e d  C. acremomum strains.  D N A  of  P. chryso- 
genum Wis 54-1255 digested with either SalI (lane 6) or  BarnHI 
(lane 12) was used as posit ive ( h o m o l o g o u s  D N A )  control .  The  
probe used in A was a 1.0 kb NcoI fragment that corresponds 
exactly to the pcbC gene. The probe used in B was the same as 
in Fig. 4 

tions shown in Fig. 2 were obtained (Table 3) and tested 
for production of benzylpenicillin in solid medium using 
a bioassay against M. luteus. Two penicillin-producing 
transformants (one carrying the penDE gene and the 
other with the penDE gene and the upstream intergenic 
region) were selected and studied further in liquid cul- 
tures in comparison with the untransformed C. acremon- 
ium CW-I 9 strain. Production of cephalosporin by strain 
CW-19 in medium supplemented with phenylacetic acid 
was lower than the normal cephalosporin levels pro- 
duced by this strain, apparently due to the toxic effect 
of phenylactic acid. 

Results (Fig. 5 B) indicated that whereas CW-19 pro- 
duced 190 gg/ml of cephalosporin in 96 h under the con- 
ditions used, transformants TCW19.1 and TWC19.10 
clearly produced lower levels of cephalosporin while at 
the same time they accumulated benzylpenicillin. Analy- 
sis of the levels of benzylpenicillin and cephalosporin 
produced by C. acremonium transformants TCWI9.a 
and TCW19.10 revealed that they produce the same total 
level of/?-lactam antibiotic as the untransformed strain 
but part of the isopenicillin N intermediate is diverted 
toward benzylpenicillin production. The relative propor- 
tions of benzylpenicillin and cephalosporin produced by 
the transformants are probably determined by the sub- 
strate affinity of the two competing enzymes and vary 
in different transformants (see Discussion). 

Integration of the transforming DNA in the genome 
of  C. acremonium 

We have previously shown that transformation of P. 
chrysogenum results in the integration of the marker 
genes into high molecular weight DNA, which appears 
to be chromosomal (Cantoral et al. 1987; Diez etal. 
1987). Since the DNA of P. chrysogenum introduced 
in C. acremonium transformants is heterologous with 
respect to the host DNA, it was of great interest to 
study the fate of the plasmid DNA after transformation. 
Figure 6 shows the results obtained when the total 
DNAs of untransformed C. acremonium strains C-10, 
CW-19 and N2 and transformants TN2.1 or TN2.70 
were hybridized with probes carrying the pcbC gene 
(Fig. 6A) or the penDE gene (Fig. 6B). 

Results showed a faint hybridization of the pcbC 
gene (but not of the penDE gene) of P. chrysogenum 
with the heterologous pcbC gene of untransformed C. 
acremonium strains. There was no hybridization of the 
corresponding lanes probed with penDE even at low 
stringency conditions, providing evidence, for the first 
time, that there is no penDE gene in untransformed 
strains of C. acremonium. The SalI or BamHI-digested 
DNA of transformants TN2.I and TN2.70 gave respec- 
tively 4 and 5 bands of clear hybridization with the pcbC 
probe (other than the faint hybridizing band observed 
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in untransformed N2). However, the sizes of the hybrid- 
izing bands were different in the DNAs of transformants 
obtained with plasmids pULFR50 or pULFR10. None 
of the bands corresponded to the expected size of the 
SalI or BamHI fragments of the transforming plasmids, 
which suggests that the introduced plasmid DNA has 
been integrated into the chromosome. The pattern of 
hybridization in Fig. 6A is consistent with integration 
at multiple sites by non-homologous recombination (see 
Discussion). A control hybridization with the DNA of 
P. chrysogenum Wis 54-1255 gave the expected single 
hybridization bands with either the pcbC or penDE genes 
(Fig. 6, lanes 6 and 12). 

In Fig. 6B only transformant TN2.1 (transformed 
with pULFR50, which carries both the pcbC and penDE 
genes) gave positive hybridization. Three different posi- 
tive bands were observed. Since there is no penDE gene 
in C. acremonium (lanes 1-3, and 7-9) and no homology 
of the vector with C. acremonium chromosomal DNA, 
integration has to occur necessarily by non-homologous 
recombination. 

Discussion 

Several genera of filamentous fungi are known to pro- 
duce either cephalosporin-type /Mactams (e.g. Cepha- 
lmporium, Paecilomyces, Scopulariopsis) or penicillin- 
type antibiotics with hydrophobic side chains (e.g. Peni- 
cillium, Aspergillus, etc.) but none of the known/%lactam 
producers is able to synthesize both types of antibiotics 
(Elander 1983). We have searched for AAT activity in 
cephalosporin-producing fungi and failed to detect it 
(Alvarez et al. 1987). The lack of hybridization of total 
DNA from three different strains of C. acremonium with 
a penDE probe (Fig. 6B) indicates that C. acremonium, 
and probably other cephalosporin producers (E. Mon- 
tenegro, unpublished), lack the penDE gene. Introduc- 
tion of the P. chrysogenum penDE gene into C. acremon- 
ium led to the synthesis of a penicillinase-sensitive, or- 
ganic solvent-soluble antibiotic when the culture medi- 
um was supplemented with phenylacetic acid, the precur- 
sor of the benzylpenicillin side chain. This antibiotic was 
conclusively identified as benzylpenicillin by HPLC and 
NMR. 

The penDE gene of P. chrysogenum, which contains 
three introns (Barredo et al. 1989b) is correctly pro- 
cessed in C. acremonium, resulting in the formation of 
a single 1.15 kb transcript; this is identical in size to 
the transcript found in P. chrysogenum (Barredo et al. 
1989b) and similar to that found in A. nidulans (E. Mon- 
tenegro and J.F. Martin, unpublished). The identical size 
of the transcript in P. chrysogenum and C. acremonium 
suggests that penDE is expressed in C. acremonium from 
its own promoter. P. chrysogenum and C. acremonium 
are unrelated taxonomically (Onions and Brady 1987) 
and they clearly differ in growth characteristics and cell 
morphology. However, it is likely that expression of P. 
chrysogenum genes from homologous promoters occurs 
in C. acremonium since the transcription signals and ex- 
pression motifs appear to be conserved in filamentous 

fungi (Ballance 1986). Very little is known, however, 
about the promoters and regulatory regions of the genes 
involved in production of/3-1actam antibiotics (Barredo 
et al. 1989a) and we cannot exclude a less efficient utili- 
zation of heterologous promoters. 

The pre-AAT precursor is processed post-transla- 
tionally in P. chrysogenum giving rise to two polypep- 
tides of Mr 11498 and 28461 respectively, the latter cor- 
responding to the active mature AAT (Barredo et al. 
1989b). We do not know at this time whether similar 
processing takes place in C. acremonium. 

The plasmid DNA used in the transformation be- 
comes integrated into high molecular weight DNA, since 
the hybridization pattern of the DNA of the transfor- 
mants does not correlate with the fragments of the plas- 
raids used in the transformation. The pattern of hybrid- 
ization was different in transformants obtained with 
plasmids carrying distinct fragments of the pcbC-penDE 
cluster. Since no sequence homologous to the penDE 
gene of P. chrysogenum was found in C. acremonium 
it seems that integration occurs by non-homologous re- 
combination as reported for other fungal genes (Yelton 
et al. 1984). 

The production of benzylpenicillin by C. acremonium 
transformed with the penDE gene has particular industr- 
ial relevance in addition to its scientific interest. As 
shown in this work, the availability of the genes involved 
in penicillin or cephalosporin biosynthesis makes it pos- 
sible to convert a cephalosporin overproducer strain into 
a high penicillin producer. Introduction of the penDE 
gene into a cephalosporin producer results in the split- 
ting of the isopenicillin N pool to provide for synthesis 
of both penicillin and cephalosporin. The relative 
amounts of each antibiotic will be determined by the 
specific activities in the cell (which may reflect the gene 
copy number) and the substrate affinities of the two 
competing enzymes isopenicillin N epimerase and 
isopenicillin N acyltransferase (Fig. 5 A). The K,, of the 
P. chrysogenum isopenicillin N acyltransferase for 
isopenicillin N is 23 gM (Alvarez et al. 1987), but the 
Km of the epimerase of C. acremonium for isopenicillin 
N has not been determined. The isopenicillin N epimer- 
ases of Nocardia lactamdurans (Lfiiz et al. 1990) and 
Streptomyces clavuligerus (Usui and Yu 1989) have Km 
values for isopenicillin N of 270 ~tm, which suggests that 
both competing enzymes may not have very different 
affinities for isopenicillin N in Cephalosporium. 

Strain CW-19 of C. acremonium is known to accumu- 
late penicillin N (Zanca and Martin 1983; P6rez-Mart- 
inez and Peberdy 1979) apparently due to a partial defi- 
ciency in expandase activity. This may favour produc- 
tion of benzylpenicillin in strain CW-19 since penicillin 
N appears to be in equilibrium with isopenicillin N 
(Martin and Liras 1989) (Fig. 5 A). A mutation resulting 
in complete inactivation of the isopenicillin N epimerase 
or the deacetoxycephalosporin C synthase of C. acre- 
monium should result in a high production of penicillin 
by strains transformed with the penDE gene. 
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