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L-cysteine is a precursor of the penicillin, cephalosporin and cephamycin families of ������������� - lactam antibiotics.
Cystathionine-��������������������� - lyase (encoded by the mecB gene), an enzyme that splits cystathionine releasing cysteine, is
required for high- level cephalosporin production in methionine-supplemented medium. By amplification of the mecB
gene in Acremonium chrysogenum C10, several transformants were obtained that produced 10–40% higher levels of
cephalosporin. All selected transformants contained at least two or three copies of the mecB gene as shown by
Southern hybridization with a probe internal to mecB. Two of these transformants, A. chrysogenum T27 and A.
chrysogenum T58, showed 4- to 10-fold higher cystathionine-��������������������� - lyase activity than the control strain. Northern
hybridizations indicated that the levels of the two mecB transcripts of 1.7 and 1.5 kb were greatly increased in
transformants T27 and T58. Fermentor studies using controlled conditions confirmed that transformant T27 was a
cephalosporin overproducer, reaching titers of nearly 2000 ������������g/ml of cephalosporin in Shen-defined medium that
correlated with two- to fourfold higher cystathionine-��������������������� - lyase levels than in the control strain. Transformant T58
containing five- to sixfold higher levels of cystathionine-��������������������� - lyase in fermentor cultures showed a reduced growth rate
and a slow cephalosporin accumulation rate. In conclusion, moderately increased levels of cystathionine-��������������������� - lyase
stimulated cephalosporin production but very high levels of this enzyme were deleterious for growth and
cephalosporin biosynthesis. Journal of Industrial Microbiology & Biotechnology (2001) 27, 252–258.
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Introduction

In yeasts and filamentous fungi, L -cysteine is synthesized by two

different pathways: ( i ) from sulphate through the autotrophic

pathways that involve condensation of H2S with O - acetyl - serine

[6], and ( ii ) from methionine through the reverse transsulfuration

pathway [21]. L -cysteine is a precursor of the tripeptide � -L -� -
aminoadipyl -L -cysteinyl -D-valine (ACV) [2,13,14] for the

biosynthesis of the � - lactam antibiotics (penicillins, cephalospor-

ins and cephamycins ) [1,5]. In Acremonium chrysogenum, the

supply of L-cysteine for cephalosporin biosynthesis was proposed

to take place preferentially from methionine via the reverse

transsulfuration pathway [15,19,20] and Ciba-Geigy workers

provided preliminary information indicating that the enzyme

cystathionine -� - lyase that splits cystathionine into cysteine and

� -ketobutyrate is a key enzyme in cephalosporin production [28].

Recently, we cloned and characterized the cystathionine-� -
lyase gene, mecB, of A. chrysogenum [12]. Disruption of the

mecB gene provided clear evidence indicating that there is a

single gene encoding this enzyme in A. chrysogenum. Knock-out

mutants lacking the mecB gene were still able to produce

cephalosporin C (cysteine is formed through the autotrophic

pathway), but a functional mecB gene is required for high- level

cephalosporin biosynthesis in methionine -supplemented cultures

[11]. Amplification of the mecB gene is, therefore, an interesting

strategy for improving cephalosporin biosynthesis since it should

provide more cysteine for biosynthesis of the ACV tripeptide —

a step that is believed to be limiting for cephalosporin

biosynthesis [10]. However, the equilibrium between direct and

reverse flows (Figure 1) in the transsulfuration pathway may be

affected by overexpressing the mecB gene.

We report in this article that amplification of the mecB gene in

A. chrysogenum C10 results in very high intracellular levels of

cystathionine-� - lyase and an increment in cephalosporin biosyn-

thesis. However, a transformant with a five - to sixfold higher

cystathionine-� - lyase activity than the parental strain was

crippled and showed a reduced growth rate and cephalosporin

yields. The levels of cystathionine -� - lyase appear, therefore, to

be critical for cephalosporin biosynthesis in methionine-supple-

mented medium.

Materials and methods

Strains and plasmids
A. chrysogenum C10 (ATCC 48272), a high cephalosporin -

producing strain provided by PanLabs [5,23], was used as host for

gene amplification experiments. The mecB gene (encoding

cystathionine-� - lyase ) used in this study was cloned previously

from A. chrysogenum C10 [12].

Plasmid pULC43 used to amplify the mecB gene contains a

bleomycin (phleomycin ) resistance cassette as selective marker in

A. chrysogenum and a chloramphenicol resistance gene for

selection in Escherichia coli ( instead of the ampicillin resistance
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of � - lactamase to avoid interference with � - lactam biosynthesis )

(S Gutiérrez and JF Martı́n, unpublished).

E. coli DH5� was used as host in DNA subcloning experiments.

Transformation of A. chrysogenum
Transformation of A. chrysogenum protoplasts was carried out as

described previously [8]. Transformants were selected in tryptic

soy agar (TSA; Difco, Detroit, MI) with sucrose (10.3%)

supplemented with 10 �g/ml phleomycin [9].

DNA manipulation and Southern analysis
DNA manipulations were performed by standard methods [24].

Southern blots were carried out as described previously [12].

Probes were labeled by nick translation [24].

RNA extraction and Northern hybridizations
Total RNA of A. chrysogenum was extracted from cultures in

Shen-defined production medium at different times. RNA was

isolated from frozen mycelium disrupted by grinding in a mortar

refrigerated with liquid nitrogen. The disrupted mycelium was

mixed with RLT lysis buffer and the mixture was centrifuged at

top speed in a microcentrifuge for 3 min; the supernatant was

mixed with 1 vol of 70% ethanol and purified by passing it

through an RNeasy spin column as described by the manufac-

turer (Qiagen, UK).

Northern hybridizations were performed according to Sambrook

et al [24]. Probes were internal to the � - actin gene of A. nidulans

(830 bp NcoI–KpnI ) and the mecB of A. chrysogenum (570 bp

BgII fragments ).

Shake flasks and fermentor cultures
Cultures of A. chrysogenum C10 (pULC43) ( transformed with the

control vector ) and all the transformants with the mecB gene were

grown in triplicate in 500-ml baffled flasks containing 100 ml of

the defined inoculum medium [26] for 48 h at 258C and 250 rpm in

a New Brunswick Scientific (Edison, NJ) ( INNOVA 4330) orbital

shaker. These seed cultures (400 ml) were used to inoculate two 5- l

Biostat B (Braun, Germany) fermentors containing 4 l of Shen-

defined production (DP) medium [26]. The fermentations were run

at 258C and 350 rpm with an air flow of 4 l /min. The agitation

speed in both fermentors was increased to 400 rpm at 32 h, 450 rpm

at 44 h, 500 rpm at 48 h and 550 rpm at 68 h to prevent the decrease

of dissolved oxygen below 30% of saturation. Samples were taken

every 24 h. Aliquots were used for cephalosporin determination and

the mycelium was washed with sterile saline solution and frozen in

liquid nitrogen for enzyme assays.

Cephalosporin assays
Samples ( in duplicate ) were taken every 24 h from triplicate flasks

(or fermentors ) and � - lactam antibiotics were determined by

bioassays with E. coli ESS 2231 (a � - lactam supersensitive strain )

as the test strain as described previously [32].

The titer of cephalosporin was determined after addition of

Bacillus cereus penicillinase (penicillin - specific; Difco) to remove

penicillins from the broth followed by bioassay using E. coli ESS

2231. Antibiotics were measured in culture supernatants at

dilutions of 1:20 and 1:100 and compared to controls of pure

cephalosporin C.

Cell - free extracts and cystathionine-� - lyase activity
assay
Frozen mycelium (500 mg) was ground in a mortar cooled with

liquid nitrogen and resuspended in 100 mM sodium phosphate

buffer (pH 7.3) containing 1 mM EDTA (free acid) and 0.1 mM

pyridoxal 50 -phosphate. Cell debris was removed by centrifugation

at 15,000�g for 20 min at 48C. The crude extract was passed

through Sephadex G-25 columns (Pharmacia, Sweden) to remove

cysteine and other low-molecular -weight compounds.

Cystathionine -� - lyase activity was assayed by determining

the conversion of L-cystathionine into L-cysteine in a reaction

mixture containing 4 mM L-cystathionine, 5.5�10�2 mM

pyrixodal 50 -phosphate, 7 mM EDTA, 2 mM dithiothreitol and

0.1 mg protein in a final volume of 0.5 ml. The reactions were

incubated for 30 min at 308C and were stopped by the addition

of 1 ml of Gaitonde’s reagent and boiled for 5 min. The

precipitated proteins were removed by centrifugation and the

cysteine in 1 ml of supernatant was determined by acid ninhydrin

assays [7]. This assay is highly specific and gives essentially no

Figure 1 Biosynthetic pathways of cysteine from sulphate (autrophic pathway) and from methionine ( reverse transsulfuration).
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reaction with cystathionine or methionine. Total protein in cell

extracts was determined by the Bradford method with ovoalbu-

min as a standard.

Results

Isolation of A. chrysogenum transformants with the
mecB gene
The mecB gene was subcloned as a BamHI–EcoRI fragment into

the fungal integrative vector pULC43 that contains the bleomycin

(phleomycin) resistance gene ble as selective marker resulting in

plasmid pULC43mecB (Figure 2A). A. chrysogenum transform-

ants T27, T33, T58, T62 and T81 were selected from about 100

transformants because they showed higher levels of phleomycin

resistance (75–150 �g/ml). A high ble gene dosage and

phleomycin resistance level may be associated with an increased

copy number of the mecB gene since (at least in some cases )

integration of the entire pULC43mecB in the genome may occur.

Copy number of the mecB gene in the transformants
To confirm that the selected transformants contained an increased

number of copies of the mecB gene, total DNA (SacI -digested) of

the transformants and also of strains A. chrysogenum C10

(untransformed) and A. chrysogenum C10 pULC43 ( transformed

with the vector without insert ) were hybridized with a 570-bp BglI

fragment internal to the mecB gene as probe.

Results of the Southern analysis (Figure 2B) showed that all

selected transformants contained one or more copies of the mecB

gene in addition to the endogenous one that showed up clearly in

the hybridization as a 7.0 -kb SacI fragment (arrow in Figure 2B).

Some of the hybridizing bands may contain incomplete copies of

the mecB gene as deduced from the small size of some bands (e.g.,

T62, lane 6 in Figure 2B).

Initial studies in shake flasks (not shown) indicated that

transformants T27, T33 and T81 produced cephalosporin at

levels 20–40% higher than the control A. chrysogenum C10

(pULC43) in methionine-supplemented Shen DP medium,

whereas transformants T58 and T62 showed the same levels of

cephalosporin as the parental strain. The best cephalosporin

producer in these initial studies was transformant T27 (containing

at least two additional copies of the mecB gene) that reached

about 1000 �g of cephalosporin per milliliter at 96 h in Shen DP

medium compared to 750 �g/ml for the control strains under the

same conditions.

Cystathionine-� - lyase levels in the transformants
The increased cephalosporin yields observed in shake flask cultures

of some transformants might have been due to an increased

cystathionine -� - lyase activity or to an indirect effect on cepha-

losporin biosynthesis as a result of altering gene expression at the

plasmid integration site in the genome.

Analysis in triplicate of cystathionine-� - lyase activity of

cultures of the different transformants showed that transformants

T27 and T58 contained very high levels of cystathionine -� - lyase,
whereas transformants T62 and T81 contained normal levels of

cystathionine -� - lyase (Figure 3). Transformants T27 and T58

showed the highest copy number in the Southern hybridization

experiments. Therefore, strains T27 and T58 were selected for

further molecular and fermentation studies.
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Figure 2 Amplification of the mecB gene in A. chrysogenum C10. (A)
Integrative plasmid pULC43 mecB used for amplification of the
cystathionine -� - lyase gene. The boxed EcoRI–BamHI fragment
containing the mecB gene was cloned from A. chrysogenum [ 12 ]. This
plasmid contains the bleomycin/phleomycin resistance (ble ) cassette
(with the pcbC promoter of P. chrysogenum ) for selecting transfor-
mants in A. chrysogenum and the chloramphenicol resistance gene for
selection in E. coli. (B ) Hybridization pattern of SacI -digested total
DNA of the untransformed A. chrysogenum C10, the control strain
( transformed with pULC43) and five selected transformants (T27 to
T81). The endogenous mecB gene shows up as a 7.0 -kb band (arrow
on the right ). Note that all transformants showed several hybridizing
bands in addition to the endogenous 7.0 -kb fragment. DNA size
markers ( in kilobase ) are indicated on the left.
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Increased expression of the mecB gene in
transformants T27 and T58: formation of two
transcripts
To confirm that the mecB gene was expressed efficiently in

transformants T27 and T58, blots of total RNA of these

transformants were hybridized with the 570-bp BglI probe ( the

same used in Southern hybridizations ) internal to the mecB gene.

Results showed (Figure 4) that transformants T27 and T58

contained a very high transcript level of the mecB gene both in

methionine- free and in methionine-supplemented medium. The

addition of methionine did not affect significantly the level of mecB

mRNA.

mecB formed two transcripts, a major one of 1.5 kb and a

minor one of 1.7 kb [12]. Both transcripts were amplified greatly

in the T27 and T58 transformants compared to the control strains

(Figure 4), indicating that both transcripts correspond to the

mecB gene amplified in these transformants. Since in

A. chrysogenum there is a single mecB gene, the short transcript

(1.5 kb) may derive from the large one (see Discussion).

Cystathionine-� - lyase and cephalosporin production
in 5- liter fermentors
Parallel fermentations were performed in three identical 5 - l

fermentors (Biostat B) in defined Shen DP medium supple-

mented with methionine. The total � - lactams ( isopenicillin N,

penicillin N and cephalosporins ) or just the cephalosporins were

determined separately (Figure 5). Under the controlled conditions

in the fermentors, yields of about 2000 �g/ml � - lactams were

obtained with the T27 transformant, i.e., about 20–30% increase

in cephalosporin titers at 72 and 96 h with respect to the parental

strain (Figure 5, panels A and B). Results were similar when

yields were expressed volumetrically (panel 5A) or as micro-

grams of antibiotic per milligram of dry weight (panel 5B).

About 80% of the accumulated � - lactams was cephalosporin

(Figure 5, panels C and D).

The behavior of strain T58 in the fermentors was intriguing. It

grew more slowly than the control and the T27 strains, and the rate

of cephalosporin accumulation was consistently lower than that

obtained with the control strain requiring more than 144 h of culture

to reach cephalosporin levels higher than those of the parental strain

Figure 3 Cystathionine -� - lyase activity in extracts of transformants grown without or with methionine. Transformants 43.1 and 43.2 are
different clones with the control plasmid pULC43 (without insert ). Vertical lines indicate standard mean deviation of four determinations ( from
duplicate reactions ).
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Figure 4 mecB transcript levels in A. chrysogenum. (A) Northern blots
showing the increase of mecB transcripts in transformants T27 and
T58. Lanes C10, A. chrysogenum C10; 43.2, control transformant with
pULC43 (without insert ); T27 and T58, A. chrysogenum transformants
T27 and T58. Note that both the 1.5 - and 1.7 -kb transcripts are
increased in transformants T27 and T58. Similar results were obtained
in DP medium with or without methionine. (B) Quantification of the
label in the upper panel (mecB and � -actin ) using a phosphorimager
( Instant Imager; Packard, Meriden, CT) instrument.
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( see Discussion). Fermentor studies were repeated three times with

results similar to those shown in Figure 5.

To confirm that the mecB gene was well expressed under the

fermentor conditions, the cystathionine-� - lyase activity was

determined in mycelium from samples taken at different times

from the fermentor. There were very high levels of cystathionine-

� - lyase activity in the T27 and particularly in the T58 trans-

formants compared to the parental untransformed strain (Figure 6).

The level of cystathionine -� - lyase in both strains was very high at
24 h and increased drastically at 48 h in the T58 transformants, but

not in T27 transformants. These differences may explain the

distinct behavior of both transformants ( see Discussion).

Discussion

Amplification of limiting steps for the biosynthesis of microbial

metabolites is a basic strategy in metabolic engineering [3]. This

approach requires a detailed knowledge of the biosynthetic

pathways and the regulatory mechanisms that control the biosyn-

thesis of microbial metabolites. Lack of knowledge of the limiting

steps is particularly worrying in the field of secondary metabolite

biosynthesis [16,17,30]. One of the best known examples of

limiting steps for secondary metabolite production is the poor

conversion in A. chrysogenum of deacetylcephalosporin C to

cephalosporin C by the DAC acetyltransferase due to low

expression of the cefG gene [29]. Overexpression of the cefG

gene from efficient fungal promoters resulted in high levels of

cephalosporin production [9].

Another limiting step for high cephalosporin biosynthesis is the

availability of cysteine that is formed either from sulphate [6] or

from methionine by the reverse transsulfuration pathway. The

supply of cysteine by hydrolysis of cystathionine was believed to be

the main source of cysteine for cephalosporin biosynthesis [19,20].

Recent cloning [12] and disruption of the mecB gene [11]

provided unequivocal evidence showing that the mecB gene is

Figure 5 � -Lactam production by transformants of A. chrysogenum strain 43.2 ( ), T27 (& ) and T58 (~ ). Total � - lactams (panels A and B)
and cephalosporins (panels C and D) were determined separately. Results at the different times are the average of three data points from each
fermentor.
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required for high- level cephalosporin production in methionine -

supplemented medium, although cephalosporin is still produced

( from cysteine synthesized via the autotrophic pathway) in the

mecB knock-out mutants.

As shown in this article, amplification of the mecB gene results

in increased cephalosporin production in some of the trans-

formants containing additional copies of the mecB gene. The

correlation of the increased copy number and high endogenous

levels of cystathionine-� - lyase was quite good. Transformants

T27 and T58 containing at least three copies of the mecB gene

showed very high mecB transcript levels and high intracellular

cystathionine -� - lyase activity. The increased levels of cystathio-

nine -� - lyase of transformant T27 resulted in higher cephalo-

sporin production both in shake flasks and fermentors, but the very

high level of this enzyme accumulated in strain T58 is deleterious

for growth and, therefore, for cephalosporin production in this

strain. A high cystathionine -� - lyase activity is likely to produce

elevated intracellular levels of cysteine that are toxic for the cells

[22]. Cellular thiols modulate the redox-regulated signal trans-

duction in a variety of eucaryotic cells [25,27] including the

� - lactam producer, Penicillium chrysogenum [4 ]. Usually, most

of the free cysteine are maintained as part of the tripeptide

glutathione (glutamyl–cysteinyl–glycine ) to avoid alteration of

the redox potential in the cell. Excess cysteine is also inhibitory

for optimal activity of � - lactam-synthesizing enzymes [18].

Another possibility is that the excess � -ketoburyrate released by

the cystathionine -� - lyase may be toxic for branched chain amino

acid biosynthesis.

Our results indicate that both transformants T27 and T58 contain

a high level of themecB transcript in agreement with the high levels

of cystathionine-� - lyase levels observed in these strains. The extra
copies of mecB integrated in the transformants are functional and

transcribed correctly. Transcription of the amplified mecB genes

resulted in high levels of the 1.7- and 1.5-kb transcripts. The major

mecB transcript in untransformed A. chrysogenum C10 strain

corresponds to the 1.5-kb [12]. Since there is a single mecB gene

in A. chrysogenum [12], it is likely that the 1.5 kb transcript is

formed by specific processing of the 1.7 -kb form and that the

processing mechanism is saturated in the T27 and T58 trans-

formants [31], although we cannot exclude other possibilities at

this time. The possible mechanism of processing of the mecB

mRNA is the subject of further research.

In summary, amplification of the mecB gene resulting in a

moderate increase of cystathionine -� - lyase activity enhances

cephalosporin biosynthesis in A. chrysogenum, but excess levels

of this enzyme appear to be deleterious for growth and

cephalosporin production.
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12 Marcos AT, K Kosalková, RE Cardoza, F Fierro, S Gutiérrez and
JF Martı́n. 2001. Characterization of the reverse transsulfuration mecB
gene of Acremonium chrysogenum encoding a functional cystathio-
nine -� - lyase. Mol Gen Genet 264: 746–754.

13 Martı́n JF. 2000. � -Aminoadipyl - cysteinyl -valine synthetases in
� - lactam producing organisms. From Abraham’s discoveries to
novel concepts of non - ribosomal peptide synthesis. J Antibiot 53:
1008–1021.

14 Martı́n JF. 2000. Molecular control of expression of penicillin
biosynthesis genes in fungi: Regulatory proteins interact with a
bidirectional promoter region. J Bacteriol 182: 2355–2362.

15 Martı́n JF and Y Aharonowitz. 1983. Regulation of biosynthesis of
� - lactam antibiotics. In: Demain AL, NA Solomon (Eds ),
Antibiotics Containing the � -Lactam Structure. Springer, New York,
pp. 189–228.

16 Martı́n JF and P Liras. 1989. Organization and expression of genes
involved in the biosynthesis of antibiotics and other secondary
metabolites. Annu Rev Microbiol 43: 173–206.

17 Martı́n JF and P Liras. 1989. Enzymes involved in penicillin,
cephalosporin and cephamycin biosynthesis. In: Fiechter A (Ed ),
Advances in Biochemical Engineering /Biotechnology, Vol. 39. Spring-
er Verlag, Berlin, pp. 153–187.

18 Meeschaert B, J Cortés, E Alvarez, P Liras and JF Martı́n. 1987. An
improved HPLC assay of the substrate and products of the isopenicillin
N synthase. Biotechnol Tech 1: 137–140.
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