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A 24-kb region of Cephalosporium acremonium C10 DNA was cloned by hybridization with the pchAB and
pchC genes of Penicillium chrysogenum. A 3.2-kb BamHI fragment of this region complemented the mutation
in the structural pcbC gene of the C. acremonium N2 mutant, resulting in cephalosporin production. A
functional «-aminoadipyl-cysteinyl-valine (ACV) synthetase was encoded by a 15.6-kb EcoRI-BamHI DNA
fragment, as shown by complementation of an ACV synthetase-deficient mutant of P. chrysogenum. Two
transcripts of 1.15 and 11.4 kb were found by Northern (RNA blot) hybridization with probes internal to the
pcbC and pcbAB genes, respectively. An open reading frame of 11,136 bp was located upstream of the pcbC
gene that matched the 11.4-kb transcript initiation and termination regions. It encoded a protein of 3,712
amino acids with a deduced M, of 414,791. The nucleotide sequence of the gene showed 62.9% similarity to the
PpcbAB gene encoding the ACV synthetase of P. chrysogenum; 54.9% of the amino acids were identical in both
ACY synthetases. Three highly repetitive regions occur in the deduced amino acid sequence of C. acremonium
ACY synthetase. Each is similar to the three repetitive domains in the deduced sequence of P. chrysogenum
ACY synthetase and also to the amino acid sequence of gramicidin synthetase I and tyrocidine synthetase I of
Bacillus brevis. These regions probably correspond to amino acid activating domains in the ACV synthetase
protein. In addition, a thioesterase domain was present in the ACV synthetases of both fungi. A similarity has
been found between the domains existing in multienzyme nonribosomal peptide synthetases and polyketide and
fatty acid synthetases. The pchAB gene is linked to the pcbC gene, forming a cluster of early cephalosporin-

biosynthetic genes.

Cephalosporin C is a B-lactam antibiotic formed in Ceph-
alosporium acremonium (Acremonium chrysogenum; the
name C. acremonium is used here to avoid confusion be-
tween Penicillium chrysogenum and A. chrysogenum) and
other filamentous fungi by condensation of L-a-aminoadipic
acid, L-cysteine, and L-valine (11, 12). The first step in the
cephalosporin-biosynthetic pathway involves a complex set
of biochemical reactions (Fig. 1), including the activation
and condensation of the three precursor amino acids and
racemization of the L-valine to the D configuration to form the
tripeptide 8-(L-a-aminoadipyl)-L-cysteinyl-D-valine (ACV).
All these reactions appear to be carried out by the multifunc-
tional enzyme ACV synthetase (38). The ACV formed is
then cyclized by the enzyme isopenicillin N synthase, en-
coded by the gene pchC, to form isopenicillin N, the first
intermediate with antibiotic activity. The pathway in C.
acremonium proceeds with the isomerization of isopenicillin
N to penicillin N and expansion of the thiazolidine ring of
penicillin N to the dihydrothiazine ring of deacetoxyceph-
alosporin C, which two steps later gives rise to cephalospo-
rin C (23).

Most of the enzymes of the cephalosporin-biosynthetic
pathway have been studied, but until now it has been
extremely difficult to characterize the ACV synthetase ow-
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ing to its high molecular weight.- Cell-free systems of C.
acremonium (3, 4) and Streptomyces clavuligerus (15) cata-
lyzing ACV formation have been described. This enzyme
has been purified from extracts of Aspergillus nidulans and
shown to be a multifunctional ATP-dependent peptide syn-
thetase (38). The purified ACV synthetase of C. acremonium
is about 300 kDa (1), although this estimated figure is
probably low (8a). Attempts to obtain the N-terminal amino
acid sequence proved unsuccessful, but several internal
amino acid sequences were obtained by tryptic digestions
(see below) (1a).

The gene (pcbC) encoding isopenicillin N synthase of C.
acremonium was cloned a few years ago (32). More recently,
the gene (cefEF) for the ring-expanding enzyme (deacetox-
ycephalosporin C synthetase) was cloned; this gene encodes
a polypeptide with deacetoxycephalosporin C hydroxylase
activity in addition to the deacetoxycephalosporin C syn-
thetase (33). However, the gene encoding the C. acremo-
nium ACYV synthetase has not been cloned. The availability
of this gene would be extremely useful in understanding the
molecular mechanisms of ACV synthesis, the first step of the
biosynthetic pathway.

Recently, the gene pchAB encoding the ACV synthetase
of P. chrysogenum was cloned in our laboratory by comple-
mentation of blocked mutants deficient in ACV synthetase
(10). It shows an open reading frame (ORF) of 11,376
nucleotides that encodes a large protein with a deduced M,
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FIG. 1. First step in the cephalosporin-biosynthetic pathway:
activation of amino acids, condensation, and isomerization reac-
tions carried out by the ACV synthetase. Note the change in
configuration from L-valine (large L) to Dp-valine (large D). Me,

Methyl group.

of 425,971. The availability of the pchAB gene of P. chryso-
genum for heterologous hybridization prompted us to clone
the equivalent gene of the cephalosporin producer C. acre-
monium. In this article, we report the characterization of the
pcbAB gene of C. acremonium C10 and the homology of the
multifunctional ACV synthetase encoded by this gene with
the ACYV synthetase of P. chrysogenum and the gramicidin
synthetase I (GS1) and the tyrocidine synthetase I (TY1) of
Bacillus brevis. The pcbAB gene of C. acremonium is linked
to the pchC gene, forming a cluster of early cephalosporin-
biosynthetic genes.

MATERIALS AND METHODS

Microorganisms and vectors used. C. acremonium C10, a
high-cephalosporin-producing strain released by Panlabs
Inc. (3, 4, 29), was used as the source of DNA. C. acremo-
nium N2, a cephalosporin nonproducer mutant (36) which is
deficient in isopenicillin N synthase (29) due to a mutation in
the structural pcbC gene, was used in complementation
studies. The pcbAB and pcbC genes of P. chrysogenum were
cloned previously (6, 10) from the DNA of P. chrysogenum
AS-P-78, a strain provided by Antibiéticos, S.A. (Leédn,
Spain).

Escherichia coli DHS5a was used as the recipient strain for
high-frequency plasmid transformation, and E. coli Q-359
served as the host for lambda EMBL3 phage derivatives. E.
coli WK6 was used as the host for obtaining single-stranded
DNA from pBluescript plasmids.

Construction of a gene library of C. acremonium C10 DNA.
A gene library of C. acremonium C10 was constructed in the
ble-EMBL3 vector, an EMBL3 phage derivative that carries
the bleomycin-phleomycin resistance gene (ble) of Streptoal-
loteichus hindustanus (13a). ble-EMBL3 DNA was digested
with BamHI to separate the arms of the phage, which were
purified by sucrose gradient centrifugation. About 0.4 pg of
DNA was mixed with 0.5 pg of partially Sau3Al-digested
total C. acremonium DNA (after selecting fragments of 13 to
17 kb by sucrose gradient ultracentrifugation). The ligation
mixture was packaged in vitro by using the lambda phage
packaging system (Amersham, Buckinghamshire, U.K.) and
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used to infect E. coli Q-359. A total of approximately 70,000
phage plaques were studied.

Southern hybridization with the pcbC probe. About 14,000
phage plaques per petri dish were blotted to nitrocellulose
paper and hybridized as described before (6) with a 1.0-kb
Ncol fragment that carries the promoterless pcbC gene of P.
chrysogenum. The probe was labeled by nick translation by
standard methods (6, 20).

mRNA isolation and Northern (RNA) blotting. Total RNA
from C. acremonium was obtained by the phenol-sodium
dodecyl sulfate (SDS) method as described before for P.
chrysogenum (6, 9, 10). RNA (5 pg) was run in a 0.7%
agarose—formaldehyde gel with RNA molecular weight
markers (E. coli 16S and 23S rRNAs and sets I and III from
Boehringer Mannheim). The gel was blotted onto a nitrocel-
lulose filter by standard methods, baked in a vacuum oven at
80°C for 2 h, prehybridized at 42°C overnight in 50% form-
amide-5X Denhardt’s solution-5x SSPE (20)-0.1% SDS-
500 pg of denatured salmon sperm DNA per ml and hybrid-
ized in the same buffer containing 100 ng of denatured
salmon sperm DNA per ml at 42°C for 24 h (1x Denhardt’s
solution contains 0.02% each bovine serum albumin, Ficoll,
and polyvinylpyrrolidone). Afterwards, the filter was
washed twice in 2X SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate)-0.1% SDS at room temperature for 15
min, twice again in 0.1xX SSC-0.1% SDS at room tempera-
ture for 15 min, and once more in 0.1x SSC-0.1% SDS at
55°C and autoradiographed with Amersham X-ray film.

DNA sequencing. DNA was sequenced by two different
strategies. The head and tail fragments of the gene (see
Results) were sequenced after subcloning into small frag-
ments by the dideoxynucleotide termination method (34),
with either Sequenase (U.S. Biochemicals, Cleveland, Ohio)
or Taq polymerase (Promega, Madison, Wis.) as described
previously (6, 26).

The internal fragments of the gene subcloned into pBlue-
script KS(+) were sequenced by generating ordered sets of
deletions with the Erase-a-Base system (Promega) by diges-
tion with exonuclease III from appropriate ends (see Re-
sults), followed by S1 exonuclease removal of single-
stranded DNA and treatment with Klenow DNA polymerase
to fill the gaps introduced by the former enzymes (5).
Sequencing of the ordered sets of fragments was carried out
by the dideoxynucleotide method.

Computer analysis of nucleotide and amino acid se-
quences was made with the DNASTAR Program (DNA
STAR, London, U.K.).

Complementation of an ACV synthetase-deficient mutant of
P. chrysogenum. Protoplasts of P. chrysogenum npe5, a
mutant obtained from P. chrysogenum Wis 54-1255, which is
deficient in ACV synthetase (13b), were transformed with 5
ng of pULJLA43, a vector carrying the phleomycin resistance
marker, or pULSC1, a derivative of pULJL43 that carries
the ACV synthase and isopenicillin N synthase genes in
addition to the phleomycin resistance marker. Protoplasts
were obtained and transformed protoplasts were regenerated
in Czapek-sorbitol medium as described before (6a). Trans-
formants were selected by resistance to phleomycin (30

pg/ml).

RESULTS

Cloning of the region upstream of the pchC gene. Since
evidence from our work on the cloning of the ACV syn-
thetase gene of P. chrysogenum indicated that this gene was
located upstream of the isopenicillin N synthase gene, the
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FIG. 2. Hybridization of DNA from five recombinant phages
with probes internal to the pcbC gene (A) or the pchAB gene (B).
DNAs were digested with Sall (lanes 1, 4, 7, 10, and 13), BamHI
(lanes 2, 5, 8, 11, and 14), or Sall plus BamHI (lanes 3, 6, 9, 12, and
15). Size markers are indicated on the left (in kilobases).

DNA regions flanking the pcbC gene of C. acremonium were
cloned by hybridization with probes containing internal
fragments of the pcbC and pcbAB genes of P. chrysogenum.

A gene library of the high-cephalosporin-producing strain
C. acremonium C10 was prepared in the ble-EMBL3 substi-
tution vector and screened with a 1.0-kb Ncol probe carry-
ing the pcbC gene of P. chrysogenum without its promoter
region (6, 7).

Eight phage plaques gave positive hybridization with the
pcbC probe. They corresponded to phages with five different
inserts of C. acremonium DNA that were named F1, F3, F4,
F5, and F6. The DNA of these five phages was purified,
digested with Sall, BamHI, and Sall plus BamHI, and
hybridized with the same pcbC probe as above. Although the
phages showed Sall bands of different sizes that hybridized
with the probe, all of them contained a 3.2-kb BamHI
fragment which hybridized with the pcbC gene (Fig. 2A).
The 3.2-kb BamHI fragment was mapped with several re-
striction enzymes subcloned in pBluescript KS(+) and par-
tially sequenced (1.62 kb). The nucleotide sequence obtained
was very similar to that of the upstream region of the pcbC
gene of P. chrysogenum and included 0.4 kb of the previ-
ously reported pchC gene of C. acremonium (32).

Complementation of the C. acremonium N2 mutant blocked
in isopenicillin N synthase formation. The 3.2-kb BamHI
fragment was subcloned in the fungal vector pULJL43 (5a,
10) and used to transform C. acremonium N2, a strain with
a point mutation in the structural pchC gene (29, 30).
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Similarly, transformants were obtained with a 7.2-kb HindIII
fragment of the insert in phage F3 subcloned in pULJL43,
which also carries the pcbC gene region.

Transformants were isolated by resistance to phleomycin
and assayed for cephalosporin production by the agar plug
method. Sixteen transformants out of 18 tested gave positive
complementation resulting in cephalosporin production,
confirming that the 3.2-kb BamHI fragment (internal to the
7.2-kb HindIIlI fragment) common to all five recombinant
phages carried the functional C. acremonium pcbC gene.

PcbAB gene of C. acremonium is linked to the pchC gene. A
6.0-kb Sall internal fragment of the pchbAB gene of P.
chrysogenum was used as a probe to hybridize with the same
blots that had been hybridized with the pcbC gene. All five
recombinant phages showed strong hybridization (Fig. 2B)
with the pchAB probe, suggesting that the two genes were
linked in the phage inserts. Mapping with several restriction
enzymes followed by hybridization with the pchAB probe
showed that the hybridizing region was located upstream of
the pchC gene, as occurs in P. chrysogenum (10).

The largest insert in phage F3 (Fig. 3) extends 11.5 kb
upstream of the pchC gene. Since this amount of genetic
sequence might not be enough to encode a gene of the
expected size of pchAB (11 to 12 kb), additional phages were
isolated from the library of C. acremonium C10 with a
homologous 0.935-kb Xhol probe internal to the region of the
pcbAB gene (probe Pg in Fig. 4). Seventeen new recombi-
nant phages were isolated that carried regions that extended
upstream of the pcbC gene. The maps of phages F12, F17,
F18, F20, F21, F23, F24, and F25 together with those of F1,
F3, F4, F5, and F6 are shown in Fig. 3.

Transcriptional map of the region upstream of the pcbC
gene. Total RNA from C. acremonium C10 was hybridized
as indicated in Materials and Methods with eight different
consecutive DNA fragments of the region that contained the
pcbAB and pcbC genes (probes P, to Pg, Fig. 4) to establish
the sizes of the transcripts in that region.

The results (Fig. 5) of the different hybridizations showed
that two transcripts of 1.15 and 11.4 kb were found in the
region. Probes P;, P,, Ps, P¢, and P, gave hybridization with
the 11.4-kb transcript, whereas P;, P,, and Pg did not. Probes
P, and P, hybridized with the 1.15-kb transcript that corre-
sponded to the pchC gene. These results indicated that a
large gene that might encode a polypeptide of the size of the
ACV synthetase was located upstream of the pcbC gene.
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FIG. 3. Restriction maps of the inserts in 12 different phages. The relative positions and orientations of the genes pcbC and pchAB are
indicated by thick arrows. The DNA fragments A, B, C, D, and E used for sequencing are indicated by horizontal brackets.
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FIG. 4. Transcriptional map of the region enclosing the pchbAB and pchC genes, showing the DNA fragments used in Northern
hybridizations to map the transcripts (probes P, to Pg). The relative positions of the pcbAB and pcbC genes are indicated by arrows.

Transcript initiation and termination regions. To establish
the end of the 11.4-kb transcript, hybridizations were carried
out with probes corresponding to consecutive small DNA
fragments of the regions of the expected ends of the tran-
script. The distal end of the transcript, with respect to the
pchbC gene, was mapped by using three probes, P, P, and
Pg. Probes Py and P, gave positive hybridization, whereas
the adjacent probe Pg did not. This result indicated that the
distal end of the 11.4-kb transcript was located in the 0.5-kb
Accl fragment.

Similarly, the proximal end of the 11.4-kb transcript was
mapped with probes P, and Ps. P, did not gave hybridiza-
tion, whereas P showed faint hybridization, indicating that
the 0.75-kb Sall-BamHI fragment corresponded to one end
of the transcript. This result was confirmed by nucleotide
sequence determination, which identified a GTG translation
initiation triplet at the beginning of an ORF in this region.

The orientation of the gene was established by homology
with the P. chrysogenum gene and also by correlation with
the amino acid sequences of internal peptides (see below); it
is transcribed in the opposite direction from the pcbhC gene,
as occurs in P. chrysogenum.

pcbAB gene has an uninterrupted reading frame of 11,136
bp. The entire region enclosing the pchAB gene was initially
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FIG. 5. Northern hybridization of total RNA from C. acremo-
nium C10 (48-h culture) obtained as indicated in the text with probes
P, (lane 1), P, (lane 2), and Pg (lane 3) (see Fig. 4). The hybridizing
bands corresponding to the pchbAB (11.4 kb) and pcbC (1.15 kb)
transcripts are indicated. RNA size markers (set I from Boehringer)
are indicated on the right (in kilobases).

subcloned in dephosphorylated pBluescript KS(+) in five
fragments (Fig. 3): A, 3.6-kb BamHI; B, 1.7-kb Sall-Kpnl
with filled-in ends; C, 3.2-kb Sall; D, 2.4-kb Sall-Pstl; and
E, 2.0-kb PstI-Kpnl.

Two different strategies were used to sequence these five
fragments. The head and tail fragments B and A were
subcloned in both orientations in pBluescript KS(+) di-
gested with EcoRV or BamHI, respectively. Fragment A
was subdivided into 23 small fragments, and fragment B was
subcloned into 14 small fragments. These overlapping inserts
were sequenced by the dideoxynucleotide termination
method (34).

The three internal large fragments of the pcbAB gene (C,
D, and E) were sequenced by the Erase-a-Base method
(Promega). Fragment C, subcloned in Sall-digested pBlue-
script KS(+) in both orientations, was digested with BszXI
and Xbal to obtain appropriate ends to generate the dele-
tions. Fragment D was subcloned (filled-in ends) into
EcoRV-digested pBluescript KS(+) and digested with PstI
and EcoRI. Finally, fragment E (filled-in ends) was also
subcloned in the EcoRV site of pBluescript KS(+) and
digested with PstI and EcoRI. Clones overlapping the junc-
tions of the five fragments were sequenced; the entire region
(13.6 kb) was sequenced in both strands.

The nucleotide sequence of an 11.6-kb region correspond-
ing to the pchAB gene is shown in Fig. 6. A very long ORF
of 11,136 bp was found that matched the transcript initiation
and termination regions identified by Northern hybridiza-
tion. The G+C content of the ORF was 58.16%, and the
codon usage was similar to that of the cloned genes from P.
chrysogenum (10) and other filamentous fungi (2). The
protein encoded consisted of 3,712 amino acids with a
deduced M, of 414,791. Internal peptides 72, 37.5, 42.8, and
63.4 described by Baldwin et al. (1a) were found in amino
acid positions 556 to 575, 192 to 200, 1754 to 1763, and 2694
to 2703, respectively, with homologies to the amino acid
sequence of the C. acremonium ACV synthetase ranging
from 80 to 100%.

The nucleotide and deduced amino acid sequences were
very similar to those of the ACV synthetase of P. chrysoge-
num (10) (Fig. 7), which showed 62.9% similarity at the
nucleotide level and 54.9% homology at the amino acid level.
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GGATGCATGCATTGGCCTGTATCAAAGGTCCGGGATTCCCCAGGAGTATAAGACGT TCGTGCTGGGAGATCTAGCGACGTGTTGGGAAATATCGGCCGTA
GAGTGCGAAAAAGAACTGGCGGAAATATTTCTCCTTGGACTCGGTCACACTCAGTCAGTAGTGGACTGCCAGTCTATCATACACCTTTGATATCAACATG
ACTATCCTTACAGGTGCCGACGACGCCTCGTCATACCACAGGTATGTCTTCACAGCCTCTGGAAAGCGCAGT TGGGAGCTATCTCTAACATTACCACATC
AGGCGCAATGGAAGCTCTGATATCCCAAAAGGTGCCATCCACCGCAACGGCTTCGCAGCCGCAGCCCCTGACTGCTGGATCCGGTCE
-sccctcwc

q
AGTGGAAGACTACGGVCCAGTCCGTCTCGGAGCGGTGCGATCTGAGCGGGCTGAGCCAGCATcCCACCGACTACCAGCYGGCCTCTACGGGCGTGAAGGG
w ok t q d g q h p q 9 9
CGCAGGCGGTAGCAGCA?CGAGGAGCGCAGYGCCATCGTCTCAGACGAGTTGTTCTCGAGTCTGCGAGACGIGTGCICACAGAGACAGCTGGACCCTCGG
g 9 8 8 i e er 8 aivs d L f s s d v.c s q q P
TCACTCA!GCTGTTTTCCGIGCACCAGATGCTCAAGAGGTTCGGAAACGGATCTCACACCGTCGTGGCGTCACTCGTAACTTCATCAGAGGGAIGCCCTT
t L f 8 v hqgqml kr f gngshtvvwvas |l vits s egcop s
CAACTTCGGCCTGGAGGGCCATCCCCTCCGTCATCcATCATATAGAGGGCGGAGACAACAACAACACAGTCGCCICTGCCGTGGAACAGGCGGCGAAYCT
t s a w r ip i h h i 9 g dnnntyvas avegqaanl
CCTGAACTCAGAAEGATCGGGACAGGACCITCTGATTCCCATCGGACTCACYGAGCTCGICAAGYCGGAGCIGATIGACCTCCTGGTCATCTTCGACGAC
Ll ns e g g qd l L iop g L vk s e L idll L i fdd
GAGACAAATAACATACGACTGCCGCAGGACTTCCCACTTATCCIGCGGA!ACATCAGCGGCAAGACCACTGGCAGCTGFCAGT¢CGGTATCCCICGCCCC
e t n n i tpqd f p L il i h q q d h q Y p [
YTTTCGACACCATGGTCATCGACAGCYTTCTGAGCGCACTTCACAACCTGTTGTCCGCGG?GACAAAACCCTCCCAGCTCG!GCGCGACATCGAGCTGCT
f dtmv ids f |l s al hn!t Ll s a vt kopsqlvrerdie l!l
CCCAGAATACCAGGTCGCTCAGCTGGAGAAGTGGAACAACACAGACGGCGACTACCCCACCGAGAAGCGGCTACATCATCTGTTCGAGGAGGCAGCAGTG
P Yy q q e k w nntdgdyop e k r Ll h hl f e e a aywv
CGTCGTCCCCAACACGTTGCCCTCAICTGCGGCGACAAGCGCATCACCTATGAGGAGTTGAATGCTATGGCGAATCGCCTGGCCCACCATCTGGTATCCT
P q § c g d k r i y L n amanr |l ahh Ul vs s
CGGGTATCCAGACTGAGCAGCTCG'CGGTCTCTTCCTCGACAAGACCGAGCICATGAICGCTACIATICTGGGCATCTGGAAATCTGGTGCCGCGCATGT
'] qt e ql vgl f Ll dk tel miat il g i w ks g aa hyv
ACCTATCGACCCTGGGTACCCGGACGAGCGTGTCAAGTTCGTCCTGAATGATACGAAGGCGCAAGTGGTCATTGCTAGTCAGAGGCACGTCGATCGACTG
pidpgypder vk fv Il nd¢t kagqyvyviasasqrhvdr.!l
CGGGCTGAGGCTGTTGGCGGCCAGCATCITCGCATCATCGGTCTCGAATCTCTGTTCGACAACCTTGCTCAACAGACACAACACICACCAGAGACGTCGG
r ae avggaqh i igl es |l fdnl agqgq qQq h s pet s g
GCAATTTGACCCATCTGCCCCTGAACAGCAAACAGCITGCGTACGTGACATACACCTCGGGCACCACGGGCTTCCCGAAAGGCATCTACAAGGAGCACAC
nt th lplns kagqlayv<tytsgttg fopkgiykeh:?¢t
AAGCGICGTTAACAGCATCACCGATCTGTCTGCTCGGTACGG!GTGGCCGGGGAGGACGACGAGGTGATACTCGTCTTCTCCGCCTACGTCITCGAGCCA
s vvins i tdl s aryyg 9 ddev il v fs ay f e p
TTCGTGCGCCAGAIGCTCATGGCCCTGACCACGGGCAACTCTCTCGCCATCAICAGCGACGAGGACAAGTTCGACCCTGACACCCTTA!ICCCTTCATCC
f vor q L L t gns |l a iis ded&k fdpdt¢tl ip fiagqg
AAAAACACAAAGTCACITACATCCACGCCACCTCGICAGIGTTGCAGGAGIACGAC!ICGGGYCCTGCCCCTCG?TGAAACGCATGATTCTGG!GBGAGA
k h k v t y i hat s s v .!iiqeyd T fgscps |l krmil vge
GAACTTGACAGAGCCGCGCTACGAGGCCCTGAGGCAGCGCTTCAAGICGCGCA?CCTGAATGAATA?GGCTTCACCGAGTCYGCGTTTGTGACGGCGCTC
nl t epr yealrqr f Kk L y 9 f f L
AACATATTCGAGCCIAcCTCACAGAGGAAGGACATGAGTCTGGGAAGGCCGGTGCGCAACGTCAAGTGCTATATCTTGGA!GCCAACCTCAAGAGAGlCt
n i f P qr kdms L g P k y i Ll danl kr vop
CCAICGGTGTTACAGGGGAGCTGCACATCGGTGGCTTGGGTATATCCCGGGGGIACATGAAYAGGGAGGAGClCACAAGGCAGAAGTYCCICCCGAACCC
ig [] L higg l g i g Yy mnor e e q k f P P
CIACCAGACCGATAAGGAGCGCCAACGGGGTGTCAACTCAACCATGTACAAGACAGGAGATCTGGCCCGCTGGCTACCCAG!GGCGAAGTCGAGTA!C!C
Yy q t e r qr gvns¢tmy%kt¢tgdl ar wlopsgevey!l
GGCCGTGCCGACTTCCAGA!CAAGC?GCGCGGCATTCGAATTGAGCCCGGCGAGATCGAGTCCACTCTCGCCATGTATCCCGGAATCAGGGCCABCATCG
g r ad f q i k g i i epgyg i [} y pg ir as i
TCGTGTCAAAGAAGCTTClCAGTCAGGGGCAGGAGACGATCCAAGACCACCTTGTGGGGTACTATGTTTGCGATGAGGGCCACATCCCCGAGGGTGACCT
v s k k L L 8 q q i qdh g Yy d g h i p g d
GCTGAGCTTCCTGGAGAAGAAGCTACCTCGGIACATGGTCCCGACGCGCCTTGTCCAACTGGCICAGAT!CCAACCAAYATcAACGGCAAGGcGGAtCTG
L s f Ll e k k Ll prymvptrer !l vaglagqiyp n i g k a d
CGTGCTCT!CCTGCCGTCGAAGTCGcCGTAGCTCCCACCCACAAGCAGGATGGCGAGCGABGAAACCAGCTGGAGAGCGACCYGGCTGCCATATGGGGCA
t p P h k qdg 9 q Ll e s d 9
ACA!TTTGAGT61TCCCGCTCAAGACATTGGGICTGAATCCAACTTCTTCCGCCTGGGIGGCCACAGTATTGCAIGCATCCAGCTCATTGCTCGTGTGCG
it ] q s e s n f f 3 9 h i iql iarve
ACAGCAGCTAGGCCAGGGGATTACCCTCGAGGAGGTCTICCAGACCAAGACGTTGCGAGCTATGGCTGCCC?CTTGICGGAAAAGTACACGAAGGCGTCG
q q |l q 9 e e v f qt k L r amaoa k vy
AATGGGACGAACGGAGTGACCAACGGCACTGCYCACG!CAACGGCCAcGCAGCGAACGGCCATGTCAGCGACAGCTACGTGGCCAGCAGTTTGCAGCAAG

d Yy L qgqg
GCTTTGTTtACCATICACTCAAGAACGAACTGTCCGAGGCGTACACCATGCAATCCAtﬁATCCActATGGIGTGCCCCTGAAACGGGATATY!ACCAAGC
f vy h L k n e | Y q i h 9 p Ll k r di yq
GGCATGGCAGAGGG?ACAGGGGGAGCACCCTGCACTGCGGCTTCGGTTCACATGGGAGGCCGAAGTGATGCAGATCGTGGACCCGAAATCIGAACTCGAC
q q 9 h p Lr Lr ftwea v magq i d p k L d
TGGCGYGTTGlTGACIGGACCGA?GYTICGAGCCGGGAGAAGCAGCTGGTTGcGCTGGAGCAACTCCAAACGGAGGACCTTGCTAAGGTCIACCATC!CG
w rvvdwt¢tdyvs s r ekagqlyval q l qt d l a k vyh L d
ATAAGGGGCCCCTTAYGCGACTATACCTCATCCTGCTTCCGGACTCAAAGTACTCCIGTCTG?ltAGCTGCCACCATGCCATTCTCGATGGGIGGAGICT
k g p mr Ly Lil Ll pds kysc l fs8 c hhail dgwews |
GCCCCTGCTCTTCAACAATGTCCACCAGGCCTACCTCGATCTCGTCGAAGGCACTGCTTCGCCCGTCGAGCAGGACGCTACCTACCTACTCGGCCAGCAG
plL L fnnvhagqay 1l dl vegtas pvegqgqdaty !l |l gqagq
TACCTGCAGAGCCACAGGGACGACCATCTCGACTTCTGGGCCGAGCAGATCGGCAGGAICGAAGAGCGCTGCGACATGAAYGCGCTGCTGAATGABQCCA
y L. q s hr ddh |l df waegq iy g i eer cdmnal L n
GCCGATACAAGGTGCCCCTGGCCGACTATGACCAAGTCcGCGAGCAGAGGCAGCAGACCATCAGTCTGCCCTGGAACAACTCCATGGACGCTGGTGTGCG
k p d y dagq q q q i Lt p d g v or
GGAAGAACICTCCAGTCGIGGCAICACCCTYCA‘ICCATICIACAGACGGYCYGGCACCTGGTCCTCCACTCITATGGAGGAGGCACCCACACGATCACC
e e Ll s s r g i t Ll hs il q°t h L v L h sy gggthtict
GGCACCACCATCICCGGCCGICACCYGCCCGICCCCGGAATTGAGCGCTCIGTTGGICTCTTCATCAACACACTCCCTATGATCTITGA?CACACCGTCT
g t t i s gr h Ul pvpgdiersvglfint!l pmi fdhtyve
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FIG. 6. Nucleotide and deduced amino acid sequences of an 11.6-kb fragment enclosing the C. acremonium C10 ACV synthetase gene.

The translation initiation triplet is boxed, and a TATA sequence in the upstream region is underlined.

The two amino acid sequences were perfectly aligned with peptide synthetases. Computer analysis of the amino acid
the DNASTAR Program with the introduction of infrequent sequence deduced from the C. acremonium pcbAB gene
gaps. A single in-frame GTG translation initiation codon was detected three regions that were similar to each other. The
found in the 5’ region of the gene by homology with the analysis suggests that these regions correspond to repeated
amino acid sequence in the amino-terminal region of the domains in the ACV synthetase protein (Fig. 8) similar to

pcbAB gene of P. chrysogenum.

those observed in the ACV synthetase of P. chrysogenum.

Amino acid sequence of the ACV synthetase contains three The first domain extends from amino acids 234 to 1062, the
regions similar to each other and to regions found in other second from amino acids 1335 to 2162, and the third from
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GCCAGGATATGACAGCGCTCGAGGCCATTGAGCAYGTCCAAGGCCAAGICAACGCCATGAACTCCCGGGGCAACGTCGAGCTCGGACGCATGAGCAAGAA 4100
dm¢t al e a i h '] a m n s L grms kn
CGACCTcAAGCAtGGGCTCTTCGACACCCICTTCGTCCTCGAGAACTACCCAAACCTCGACACGGAGCAGCGGGAGAAGCACGAGGAGAAGCTCAAGITC 4200
d Ll khgtlt £fd<¢tl fv !l enypnldt¢teqrekkhhee &k 1| k f
ACCATCAAGGGTGGCACGGAGAAGCTCAGTTACCCGC!GGCCGTGATTGCCCAAGAGGACGGCGACAGCGGATGCICG!TTACGCTC!GCTATGCGGGCG 4300
t i k g gtek Ul s yopll q e d g Yy 9
AGCTCTTCACGGATGAGTCCATCCAGGCGCTCCTGGACACTGTCCGGGACACCCTGAGIGATATTC‘CGGGAACAYCCATGCCCtTAICCGCAACATGGA 4400
L f tdes iqal ld¢tveredt<tlsdil gnihapironme
GTACCTtTCCTCGAACCAGACGGCGCAGCYCGACAAGTGGAA!GCCACCGCCTTCGAGTACCCCAACACCACACTGCACGCCATGTTCGAGTcCGAGGCG 4500
y 1 q t aql dk wnatafeypntt |l h am¢fes e a
CAGCAGAAGCCGGACAAGG!GGCCGTGGTGTACGAGGATATCAGGCTGACCTACCGCGAGcTCAACAGCCGTGCCAATGCCCIGGCGTTCYACCfccTCT 4600
qq k pdk v avvye ed ir l¢tyo rel ngsr ra L a fy L ULs
CCCAGGCGGCYATCCAACCGAACAAGCYGG?CGGGtTGATCATGGACAAGAGCGAGCACATGATCACGAGCATCCTCGCGGTCTGGAAAACGGGTGGAGC 4700
q qQ p k L v gl i m dk s e h m i it a v w 9 9
CTACGTCCCGATCGACCCTCGATACCCTGACCAGCGTATCCAGTATATCCTGGAGGATACGGCGGCICTCGCAGTCATCACGGACAG!CCVCATAITGAC 4800
y vpidyp y pdgqr iqy il ed ¢t aal avitdsophi id
CGTCTGCGCAGCATCACCAACAACCGCCTTCCTGTTAICCAGTCGGACTTTGCTCICCAACTCCCGCCCAGCCCAGTTCATCCCGTCTCAAACTGCAAGC 4900
r Ll r s i tnnrl pvigqsd Tfalaqloppspv hopyvsneck p
CAAGCGACCTCGCCTACATCATGTACACATCCGGCACCACTGGCAACCCCAAGGGTGTCATGGTGGAGCACCACGGTGTAGTGAATCTGTGCGTTTCACT 5000
s d |l ay i my ts g¢ttgnp&kgvmyehhHhgvvnloecyvs |
CTGCCGGCTCTTCGGCCTTCGGAACACAGATGACGAGGTCATCCTCTCGTTCTCGAACTACGTCTTCGACCACTTTGTCGAGCAGATGACGGATGCCCTT 5100
cr Ll f gl rntddevil s f s nyv fdhfvegqmtda.l
CTCAACGGTCAGACTCTTGTGGTCCTCAACGACGAGATGCGTGGCGACAAGGAGAGGCTTTACAGATACATCGAGACCAACCGCGTCACGTACCTCTCGG 5200
L nggqt !l vvindemwmr gdker !l yryie¢tnrvty I 1| s g
GGACACCTTCCGTCATCTCCATGTACGAGTTCGACCGGTTCCGCGACCACCTGCGGCGCGTGGATTGCGTCGGCGAGGCCTTCAGCGAGCCGGTATTCGA 5300
t ps vis my e fdr fr dhll r d ¢c vg e a f s e p v d
CAAGATCCGCGAGACGTTCCCGGGTC!CAYCATCAACGGTTATGGCCCGACTGAGGTGTCTATCACTACCCACAAGCGGCCCTACCCGTICCtGGAGCGC 5400
k i ret fpgl iingyey g t evs i tthkorpyop fFfoperrtc
GCACAGACAAGAGCATCGGTTGCCAGCTGGACAACAGCACGAGCTACGTCCTCAACGATGACATGAAGCGCGTGCCCATCGGGGCCGTGGGAGAGCTGTA 5500
t d k s i gcql dns ts v inddm&korvpigayvgely
CCTTGGTGGCGATGGCGTCGCTCGCGGATACCACAACCGGCCAGACCTGACGGCTGACCGGTTCCCTGCCAACCCCTTCCAGACGGAGCAGGAGAGACTT 5600
L g gdgvargyhnrpdl tadr fpanp T faqtegqer-r |
GAGGGCCGAAATGCGCGTCTGIATAAGACTGGTGACTTGGTTCGCTGGATCtACAATGCAAACGGCGATGGTGAGATCGAGIACCTCGGCCGCAACGACT 5700
g r nar |l y k g d i h n d i y L rnd f
TCCAGGTCAAGATIcGAGGCCAGAGAATCGAGCTGGGAGAGATCGAGGCCGTGcfTTCATCCTATCCBGGCATCAAACAATCCGTCGTCCTGGCCAAGGA 5800
v irgqriel geieavl s s ypgikgqgqsvvlyiak d
CCGCAAGAATGACGGGCAGAAGTACCTCGTCGGCTACTTCGTCTCCTCAGCAGGGTCCCTGTCCGCCCAGGCCATCCGCCGCTTCATGCTCACGAGCCTG 5900
rk ndgqky !l vgy fvis s ags | s aqaircer fml ts |
CCCGATTACATGGTTCCTGCGCAGCTGGTGCCCATCGCCAAGTTCCCCGTCACCGTGAGCGGGAAGCTCGATGCCAAGGCCTTGCCCGTGCCAGACGATA 6000
pdymvpagqlvpiak fpv<itvs gk |l dak al pvopdd:e?t
CAGTCGAGGATGACATTGTGCCACCGCGTACCGAGGITGAGCGCATCCTAGCTGGGATCIGGTcTGAGCTGTTGGAGATACCGGTCGACAGGATCAGCA? 6100
v edd i v t evertr t g i ws e L L p v d i
CTACAGTGACTTCTTCAGTCTGGGCGGCGACAGTCTCAAGAGTACCAAGCTGTCCTTIGCTGCCACGCGGGCTCTCGGTG!GGCCGTCAGTGTCCGCAAC 6200
s d f f s L g gds t k s t k |l s f aatr al gvavs voron
TTGTTCAGCCATCCGACTATCGAAGCCTTGTCTCAGTGGATTATCAGGGGTTCGAACGAGGTCAAGGATGTGGCTGTGGTGAAGGGCGGTGCCAGTCTTG 6300
L f s h pt i e al s qw iir g s nevkdyvavyvskggoas |l d
ATAYCCCCCTATCCCCTGCCCAGGAAAGACTCATGTTCATCCACGAGTTCGGCCA!AGCGGCGAGGATACTGGTGCTTACAATGTGCCTYTGcAGCTGCA 6400
i pl s pagqer l m f i h e f h s g e d t vy nvpl ql q
GCTTCACCATGATGICTGTCTCGAGTCGCTTGAGAAGGCTCTGCGGGAIGTCGYCTCGAGACACGAGGCTCTCCGGACCTTGATCACCAGGACCCAGAAG 6500
L h hdvc l e s L ek al rdvvs o r healortll i¢tr tgqk
1CCTCCGYGCACTGCCAGAAGATCCTCGACGCCGAAGAAGCGCAAAAGCTCTTCTCTGTTGATGTTCTGCGCCTGACCTCGGAGACGGAGATGCAGGGCA 6600
s s v h q k i Ll d a e e a k L f s vd v L L s e q 9
GGATGGCCGAGAGTACCGCCCACGCCTTCAAGCTCGACGAGGAACTCCCGAT7CATGYACGCCTGYACCAGGITGTACGTGATGGCCGCACGCTCAGCTI 6700
m a e s t a h a fk Ll deel pihwverlyqvVvyvrdgrt!ts f
TGCCAGCATCG?CTGCCACCATCIGGCBT‘TGACGCGTGGTCATGGGATGTGTTCCAGAGGGACTTGGACGCCTTCTATGCCGTCCATACGAAGCACAAG 6800
i h h L a f d w s wd f q d L d f vy av h t k h k
GCTGCCGCCAACCTGCCAACCCTCCGCGTGCAATAIAAGGAGTAIGCGATAGAGCACCGCCGGGCFCTCCGCGCTGAGtAACAccGTGITCTCGCGGACI 6900
a aanll ptl rvgqykeyaiehorr atltlr aeqhorv y( ady
ACTGGCTGCGCAAGCTCAGTGACATGGAGGCGTCTTATCTGGTCCCCGATCGCCCTCGACCGGCGCAGTTTGACTATACCGGGAACGATCTCCAGTTCTC 7000
w L r k Ll s dmeasy l v d r r pagqfdy tgn q s
AACTACTCCCGAGACCACCGCGCAGTTGAAGGAGCTGGCCAAGCGCGAGGGTTCAAGCCTCTACACCGTTGTGGCGGCGGCGTACTTTCTGCTTCTCTAC 7100
t pe tt agql k el akr egs s |l ytvwvaaay f L L Ly
GTGTACACCAACCAGCGGGATATCACGATTGGTATTCCCGTTGCGCACCGTAACCATCCGGACTTTGAGTCGGTTGTCGGCTTCTTTGTCAACTTGCTCC 7200
vy tngqrditigipvahormnh d f e s vvg f fvinl Ll op
CTCTGCGGGTCAACGTGTCTCAGTCGGACATTCATGGACTTATCCAGGCAGTGCAGAAAGAGCTTGTCGATGCCCAGATCCATCAGGACTTGCCATTCCA 7300
L rvinvisqsdihgl iqavagqkel vdagqihagqgqdlop faq
GGAGATCACCAAGCTTCTTCATGTGCAGCACGATCCAAGCCGCCATCCCCTTCTCCAGGCCGTGTTCAACTGGGAAAACGTACCCGCCAATGTCCACGAG 7400
e i t k L L h vgqghdpsr hpl Ll qav fnwenvpanyvHh he
GAGCAGCTGCTTCAGGAGTACAAGCCGCCCTCGCCTCTGCCTTCGGCGGCCAAGTTTGATCTCAACGTCACGGTGAAAGAGAGCGTCAATTCGCTCAACG 7500
e ql L. gqey k ppspl ps aak fdlnvitvkesvins |l nyv
TCAACTTCAACTATCCTACCAGCCTCTYCGAGGAGGAGACCGTTCAGGGGTTCATGGAAACCTTCCATCTCCTTCTTCGACAACTGGCCCACAACAAGGC 7600
n fnypts | fe e et vgg fmet f h !l Ll L rql ahonk a
TAGCACAAGCCTCYCGAAGCTGTCGGTYGAAGATGGAGTGTTGAATCCAGAGCCGACTAACCTTCAGCCCTcAAGCCGGGACAGCGGAAATTCAC?CCAT 7700
s L k L s v e d g L L q L h
GGGCTCT1CGAGGACATCGTGGCCTCGACCCCGGACCGCATCGCAATTGCTGACGGCACCAGGAGICTCTCGTACTCCGAACTCAKCGAGCGGGCAAACC 7800
L f edi v as tpdr iaiadgtrs |l sy s el ner angqg
AGCTGGTACATTTGATCATCTCTTCTGCCAGTATTGTAGCAGACGACCGCATCGCTCTTCTTTTGGACAAGAGCATCGATATGGTGATTGCTCTCCTGGC 7900

L vh t iis s as ivaddr iall Uldks idmvial l a
FIG. 6—Continued.

residues 2409 to 3387. Computer alignment of these three
regions with each other and with the three domains found in
the ACV synthetase of P. chrysogenum was very good (see
Discussion). However, there was no significant homology in
the three interdomain regions of the protein.

The three domains of the ACV synthetase of C. acremo-
nium showed extensive amino acid homology with TY1 and
GS1 of B. brevis, encoded by the genes tycA and grsA,
respectively (17, 25), but they did not show significant

homology with the t-glutamylcysteine synthetase or gluta-
thione synthetase of E. coli (13, 39).

Thioesterase domains in the ACV synthetases of C. acremo-
nium and P. chrysogenum. An interesting result was the
finding of a thioesterase domain in the amino acid sequence
of the carboxyl-terminal regions of the ACV synthetases of
P. chrysogenum (previously unreported) and C. acremo-
nium by comparison with the thioesterase domain of the
fatty acid synthetases of rat, chicken, rabbit, and goose. The
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AGTTTGGAAGGCCGGTGCCGCATATGTGCCCCTTGACCCGACATATCCGTCGCAGAGGACTGAGCTCATCTTGGAGGAATCTAGTGCCAGGACGCTCATC 8000
v w k agaayvpUldp¢typsqrtelil ee s s ar t l i
ACCACTAGAAAGCACACGCCGAGGGGAGGAACAGTCGCAAATGYTCCAGtCGTGGTCcTTGACAGCCCCGAGACCCTAGCCTGCCTCAACCAGCAGTCAA 8100
t t r k h t p g 9 P v L d s p e L L qQ q k
AGGAAAACCCGACMCG‘I’CMCGCAGAAACCMCCGACC‘I’CGCATMGTCATCT1CACCTCGGGMCCACAGGCMGCCCMGGGGGI’TC‘I’GG!GGAGCA 8200
e nptts tqkpsdl ayvif ts gtt g kopkgyv LI veoh
CCAGAGCGTAGTCCAGCTGCGCAATTCCCTCATCGAGCGATACTTCGGCGAGACCAACGGGTCTCACGCCGTGCTCTTCCTGTCCAACTACGTCTTCGAC 8300
q s vvglrns !l iery fgetngshav 1 f Ll snyyv fd
TTCTCTCTTGAACAGCTCTGTCTCTCAGTCTTGGGTGGAAACAAGCTCATCATTCCACCAGAGGAGGGTCTCACGCACGAGGCATTCTACGACATCGGCC 8400
f s Ll eqtlt ¢cl s v 1lggmnk Ul iippewegl theafydigr
GCAGGGAGAAGCTATCCTATCTCAGCGGGACGCCCTcGG?GCTGCAGCAGATTGAGCTCTCCCGTCTGCCGCATCTTCACATGGTCACCGCTGCGGGCGA 8500
r e k y L. s g t ps v LIl qqiel s rl h L h m v t a ag e
GGAGYTCCACGC?AGTCAGTTTGAGAAGATGCGCTCCCAGTTCBCGGGCCAGATCAACAACGCCTATGGTATCACTGAGACGACCGTGTACAACATCATC 8600
e f h a s q f e k m r s f a g i nnaygitettvynn: i.
ACCACGTTCAAGGGCGATGCCCCCTTTACCAAGGCACTCTGCCACGGGATCCCCGGAAGTCACGTCTACGTCCTGAACGACCGACTTCAGCGTGTTCCTT 8700
t t f k gdap ft k al chgipgs hvyvwvwvlndrl qrvepf
TCAACGCTGTYGGCGAGCTCTACTTGGGCGGTGACIGCCITGCICGCGGGTACCTCAACCAGGA!GCCCTGACCAACGAGCGATTCATCCCCAACCCYIT 8800

9 Ly 1 d § y L q d L ner f ip p f
cTACGAGCCGAMI:AGGCAAGTGACAGTCGTCCCCAGAGACTCTACAAGAC‘I’GGAGATCTGGTGCGCYTCCGTGGACCCCACCATCTCGAGTATCTCGGC 8900
y e pkqasdsrpqrily&k¢tgdlvr frgphhHnh!l eyl g
CGCAAGGACCAGCAGGTCAAGCTGAGGGGCTTCCGCATCGAGCTCTCCGAGGTGCGGGATGCCGTCCTAGCCATCTCTGCTGTTAAGGAGGCTGCCGTCA 9000
r k d gqqvk Ll r g fr iel s ev r dav . i ais avkeaayv.i
TCCCCAAGTATGACGAGGATGGCTCCGATTCACBAAGGGTCAGCGCCATCGTCTGCTACTACACGCTCAACGCCGGAACTGTGTGCGAAGCATCGAGTAT 9100
p k vy d e dg d a i vecyytl nagtyveceas s i
CCGTGACCACCTGCACGCCAACCTTCCCCCGTACATGGTCCCAAGTCAGATCCACCAGTTGGAGGGATcTCTCCCCGTGACCGTCAATGGGAAGCYCGAC 9200
rdh Ul h ant ppymyv s ih L egs |l pv tving Kk L d
CTGAACAGGCTCTCCACAACTCAAGTCTCGCAGCCAGAGCTTTACACCGCTCCACGAAATTCGACAGAGGAAACCTTGTGCCAGCTTTGGGCATCTCTCC 9300
L nr tLl s ttqvsqpely ¢tapTrnst tew et !l cql was L |
TAGGCGTCGACCACIGCGGCATTGACGACGACCT61TTGCCCGAGGCGGCGACAGCATCTCCTCTCTCCGACTAGTGGGTGACATCTACCGCGCGCTAGG 9400
g vdhocgiddd Ul f ar ggds is s L r L v d iy L
ACGCAAGGTCACCG?CAAGGACATCTACCTCCACCGCAGCGYCCGAGCCCTAAGCGAAAATGTCCTGACCGACCAGAAGGATAAGGGTACYC?GCCAGCG 9500
r k v t v kdiy ol hr s vrr al s env 1|l td k d k g ¢t p a
TCTCCTCCCCTCCAGCGAGCGGAGCAGGGCCAGGTTGAGGGCGACGCACCGCTTCTCCCCATCCAGGACTGGTTCCTTTCCAAGCCCCTGGATAACCCCG 9600
s ppl qr ae qgqvegdoapl Ll piqdw fl s kopl dnpa
CTTACTGGAACCACTGCTTCACCATTCGAACCGGGGCACTCTCCGTCGAAGGGCTCCGGGGTGCTCTGAAGCTGCTGCAGGAGCGCCACGACGTGCTGCG 9700
y wn hc ft ir tgal s veglrgalk 11 Ll gqger hdv 1Ucr
TCTGAGACTGCAACGCCGGGACGAAGGTCGCCATGTTCAGACCTTTGCGCGTGACTGCGCGCAACCTCGCTTGACTGTGCTAGACCGAcGAAGCTTCGAG 9800
t r L. gqr rdegrhvagqgt fardec qpr Ll tv L dror s f e
GACGCAGAGGATGTACAGGAGGCTCTCTGCGAGATCCAATCTCATTTCGACCTCGAGAATGGACCCCTCTACACAGTGGCGTACAICCACGGTTACGAGG 9900
d a e d v.qe a l c e i s h fd Ll en L t v ay i h gy ed
ACGGCTCCGCCCGAGYGYGGYTTGCCTGCCATCACGTCATGGTCGACACTGTGAGCTGGAACATTATACTGCAAGACCYGCAGGCTCTCYATCATGGAGA 10000
g v wa f achhvmemyvd v s won i i q d q Y g d
CAGCCTTGGTCCCAAGAGCAGCAGCGTGCAGCAGTGGTCGCTAGCTGTCAGCGACTACAAAATGCCACTGTCGGAGAGGGCGCATTGGAATGTGCTCAGG 10100
s L g pk s s s v.gqquws s !l avsdy &kmmp Ul s er ahwnv U1Wer
AAGACAGTCGCCCAGAGCTTCGAGACCCTGCCTATCTGCATGGGCGGCGTGCTCCAGTGCCAGGAGAAGTTCTCGAGGGAAACGACAACAGCTCTGCTCT 10200
k t v aqs f et |l picmggyv!iqcqek fsretttal l s
CCAAGGCCTGCCCTGCCTTGGACTCCGGTATGCATGAGATCCTTCTCATGGCCGTGGGCTCCGCGCTGCAGAAGGCGGCAGGGGATGTCCCTCAGGTCGT 10300
k a ¢ a Ll d s gmheil Il m avgs al qk aagdyvopagqgqyvVvy
CACGAIAGAGGGTCACGGGCGCGAAGATACTATCGACGCAACTCTGGACGYCAGCCGGACAGTCGGCTGGYTCACGAGCA!GTACCCCTTCGAGATCCCC 10400
t i e g h gr edt idatl dvsortwveg f y p f e i p
AAAGTGACCGACCCCGCTCAGGGCGTCGTCGATGTCAAGGAGGCGATGCGTCGCGTGCCGAATAGGGGTGTCGGTTACGGTCCAGCCTACGGATACGGCG 10500
k v tdpaqegvvdyvkeamrr rvpnregeyw Y ] Y Yy 9 89
GATCGTGCCTGCCCGCGGTGAGCTTCAACTACCYTGGYCGCCTGGACCAGGCTTCCTCGGGGGCTCAAAGGGACIGGACGCTGGICATGGATGAAGACGA 10600
s ¢ Ll p avs fon tgr L d a s s a rdwt !l v.mdede
GTATCCGGTCGGACTGTGCACCAGCGCTGAGGACTCGGGACGAAGCTCCTCCATGGTGGATTTCACCTTCTCTATCTCTGGCGGCCAGCTTGTCATGGAT 10700
y pvglcts aeds grss s mvd TFf ¢t fs is ggaqlvmad
ATGAGTAGCAGCTGGGGCCACGGCGCACGAAATGAATTCGTTCGCACAGTTCGTAACACACTAGATGACTTGATCAAAACAACGAGCAGCAGGGACTTCA 10800
m s s s wg hgarneFfwvrer tventlddI Ulikttts s r df s
GCGCACCTCTGCCTCCGTCGGATCAGGAGTCCAGCTTCACCCCTTATTTTGTCTTCGAAGAGGGCGAGCGACACGGCGCTCCGCTCTTCCTGCTCCCACC 10900
apl pps daqes s ftpy fv feeger g a p P P
TGGCGAAGGCGGAGCGGAGAGCYACTTCCACAACAITGTCAAGGGTCTCCCGAACCGCAATCTTGTCGTGTTCAACAATCA!TACCGCGAGGAGAAGACG 11000
[] g g a e sy f hniv kgl pnorntlvv i Ff nnhyree-«&k:
CTCCGGACCATCGAGGCGCTGGCCGAGTACTACCTGTCGCACATCCGATCCATCCAGCCGGAGGGGCCATACCACATCCTCGGCTGGAGTTTCGGAGGCA 11100
L r ti e a l ae L s h i r s i g py h it g wes f g g i
TCCTCGGTCTCGAGGCGGCAAAGCGATTGACTGGCGAGGGTCACAAGATTGCCACGCYGGCACYYATCGATCCGYACTTTGACAchCGTCCGCGTCCAA 11200
L gl e aa kr L tgeghV&k i at !l al idpy fdips as k
GGCCATCGGCCAACCTGACGATGCCTGCGTCTTGGACCCCATATACCACGTCTACCACCCGTCGCCGGAGAGCTTCAGGACGGYGTCATC‘CTCACTAAT 11300
ai g qpddacv LIl dpiyh y h p P f t v L tn
CACATAGCCCTGTTCAAGGCTACCGAGACGAATGACCAGCATGGCAATGCCACGCAGCAGGCCCTGTATGAGTGGYTTGCCACGTGCCCTYTGAACAACC 11400
h i a Ll f k a te tndgqhgnatqgqqaltlyew fatcop !l nnl
TGGACAAGTTTTTGGCGGCCGACACGATCAAGGTGGTTCCTCTGGAGGGTACACATTTTACCTGGGTGCACCACCCGGAGCAGGTGCGCTCAATGTGCAC 11500
d k f Ll a a d ¢t i k vvplegth ftwv hhopegqvrsmecet
TATGCTGGATGAATGGCTTGGG
m L de w

TGAACGAGGCAGTTGCTGTGAGAGAATGAGAATGAGACACAAAACGCGGGCGGAAGAGAGACTTCCTCGGACGGCGGG 11600

FI1G. 6—Continued.

amino acid sequence GWSFGGIL is fully conserved in P.
chrysogenum and C. acremonium ACV synthetases (Fig. 9)
and is in agreement with the GXSXG consensus motif,
(where X is any amino acid) in the thioesterase domains of
fatty acid synthetases (see Discussion).
Phosphopantetheine-binding amino acid sequences. A
search of the consensus phosphopantetheine-binding se-
quence described for acyl-carrier proteins (DLGXDS*LXX
VEV/I) revealed the presence of three partially conserved
sequences at amino acid positions 820 to 828, 1909 to 1917,
and 2983 to 2991 (boxed in Fig. 7), one in each of the three

repeated domains of the ACV synthetase (see Discussion).
All of them contain a serine residue; the hydroxyl group of
the serine residue labeled with an asterisk is known to be
covalently linked to the 4'-phosphopantetheine residue.
Linkage of pchbAB and pcbC genes. To confirm the evidence
obtained by hybridization, the region extending from the
pcbAB to the pchbC gene was sequenced. The intergenic
region consisted of 1,233 bp, and there were no long ORFs in
it. We did not find any transcript originating from the
intergenic region. A total of 400 bp of the pchC gene from
strain C10 was also sequenced, and the nucleotide sequence
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FIG. 7. Comparison of the amino acid sequences of the ACV synthetases of C. acremonium and P. chrysogenum. Beginning and ending
amino acid numbers are shown separated by a comma in parentheses. Identical amino acids are shaded, and functionally equivalent amino
acids are indicated by dots. The positions of the three phosphopantetheine-binding sequences are boxed.

(not shown) was identical to that described for a different C. Sequencing studies proved unequivocally that pchAB and
acremonium strain by Samson and coworkers (32). The pcbC were linked, forming part of the cluster of early
homology in the intergenic region between the nucleotide cephalosporin-biosynthetic genes.

sequences of C. acremonium and P. chrysogenum (9) was pcbAB gene of C. acremonium complements an ACV syn-
very low compared with the homology in the regions corre- thetase-deficient mutant of P. chrysogenum. Protoplasts of P.
sponding to the ORFs of the pchAB and pcbC genes. chrysogenum mutant npe5 were transformed with pULSCI,



2362 GUTIERREZ ET AL. J. BACTERIOL.

Y A ( 234-1062) DIELLPEYQVAQLEKMNNTDGDYPTEKRUIHLFERAAVR 282

A

A ACV Sy B (1335-2162) mﬂssmlqmmmﬁm 1385
a AcY C (2409-3387) LSKL N 218G 2459
B. brevis Gramicidine Synthetase I (13-981) B 63

IHQ
B._brevis Tyrocidine Synthetase I ( 1-970) MLANQANL ’AQBKS - THQLHE]

51

383
1483
2557

160

148

480
» 1571
2648
245
232

578
1670
2744

341

328

673
1769
2839

428

416

767
1859
6 2935
516
504

865
1950
3024

606

595

962
2041
3115

685

674

1051
2133
3204
778
766

1062
2162
L 3294
. 878
867

P-M---GYGGSQ-----’A XL 3383
IFKYLTTEYLRPVEPFTLKPEINFYL 977
LXQTAPLSDY IKLTKRMEKToRNS IGYD L RHVILFENRCSLEPRVQREVIINTL, 966

“QPD 970

FIG. 8. Comparison of the three repeated domains of the C. acremonium ACV synthetase with each other and with the amino acid
sequences of TY1 and GS1 of B. brevis. Gaps (dashes) have been introduced for maximal alignment. Conserved amino acid sequences are
shaded.

which carries the pchAB and pcbC genes, as indicated in the parental strain from which mutant npe5 was obtained.
Materials and Methods. Three clones out of 38 phleomycin- No complementation of the mutation was observed when the
resistant transformants tested gave levels of penicillin produc- protoplasts were transformed with the control vector
tion comparable to those of P. chrysogenum Wis 54-1255, pULJL43 without inserts. This result indicates that a func-
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FIG. 9. Thioesterase domains of the ACV synthetases of C. acremonium and P. chrysogenum and several fatty acid synthetases (FAS).
The conserved region (light shading) around the consensus motif G-X-S-X-G (heavy shading) is enlarged. Beginning and ending amino acid
numbers are shown separated by a comma in parentheses. The reactive serine residue in the active centers is indicated by an asterisk. Dashes
indicate gaps introduced to maximize alignment.
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tional ACV synthetase gene was located in the 15,603-bp
EcoRI-BamHI fragment of C. acremonium DNA subcloned
in plasmid pULSCI1.

The antibiotic produced by the pULSCl-transformed
clones was identified as penicillin G by its antimicrobial
spectrum and high-pressure liquid chromatography retention
time, which agrees with the fact that only the ACV syn-
thetase and isopenicillin N synthase genes of C. acremonium
(but not other late genes of the cephalosporin-biosynthetic
pathway) were located in the fragment used for transforma-
tion.

DISCUSSION

The formation of ACV is similar in many aspects to the
synthesis of other microbial peptides which are synthesized
by the nonribosomal enzyme-thiotemplate mechanism (16).
Peptide synthetases require a complex spatial organization
to direct the activation reactions and sequential polymeriza-
tion of the component amino acids. This requires either a
very high molecular weight multienzyme polypeptide or a set
of small polypeptides each carrying a specific function
assembled together in an enzyme complex.

The purified ACV synthetases of Aspergillus nidulans
(38), C. acremonium (1, 8a), and P. chrysogenum (12a) have
very high molecular masses, in the range of 300 to 400 kDa.
The molecular mass of the ACV synthetase of A. nidulans
has been reported as 220 kDa (38), but it is unclear whether
the 220-kDa protein arises by posttranslational processing of
a larger polypeptide. The purified ACV synthetases of A.
nidulans and C. acremonium carry out the condensation of
the three precursor amino acids, including activation of
L-a-aminoadipic acid, L-cysteine, and L-valine, racemization
of L-valine to D-valine, and the polymerization steps to form
the tripeptide (4, 38). Although there is still no firm evidence
indicating that a single polypeptide carries all the reactions
involved, the finding of (i) a long ORF (11.1 kb) in the
upstream region of the pcbC gene which has high homology
with the pcbAB gene of P. chrysogenum (which is known to
encode a functional ACV synthetase), (ii) an 11.4-kb tran-
script, and (iii) the presence of four internal peptides ob-
tained by tryptic digestion in different positions of the
deduced amino acid sequence strongly argue in favor of the
synthesis of a large polypeptide with all the functions re-
quired for the synthesis of the LLD-ACV tripeptide. The
deduced M, of the C. acremonium ACV synthetase protein,
414,791, is similar to the M, of the corresponding polypep-
tide of P. chrysogenum AS-P-78, 425,971 (10). The homol-
ogy between these proteins is high; 54.9% of the amino acids
are identical, and the figure is higher when functionally
equivalent amino acids are considered.

The C. acremonium ACV synthetase contains three re-
peated regions with conserved amino acid sequences. These
regions show high similarity in the amino acid sequence with
the three equivalent domains of the ACV synthetase of P.
chrysogenum and with B. brevis TY1 and GS1. The con-
served amino acid sequences probably represent centers
involved in ATP-mediated activation of amino acids, since
both TY1 and GS1 are involved in activation and racemiza-
tion of the amino acid phenylalanine (17, 25). The presence
of three amino-acid-activating domains in the ACV syn-
thetase is consistent with a similar organization that exists in
the heavy tyrocidine synthetases II (230 kDa) and III (460
kDa), which activate three and six amino acids, respectively,
during tyrocidine biosynthesis.

We have found a thioesterase domain in the ACV syn-
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thetases of C. acremonium and P. chrysogenum which has a
conserved sequence of amino acids similar to that of the
thioesterase domains of the fatty acid synthetases of rat (27),
chicken (40), rabbit (14), and goose (28). The subunits of
fatty acid synthetases from E. coli and most other procary-
otes can be dissociated, whereas the thioesterase domain in
the ACV synthetases of C. acremonium and P. chrysogenum
appears to be part of a single long polypeptide. This arrange-
ment resembles the organization of the fatty acid synthetases
in vertebrates, in which all the components are combined
within a single octafunctional polypeptide chain. In Saccha-
romyces cerevisiae and other lower fungi, the fatty acid
synthetase consists of tri- and pentafunctional, respectively,
subunits a and B (35).

The similarity between the thioesterase domains of ACV
synthetases and fatty acid synthetases is greater in the region
around the consensus motif G-X-S*-X-G found in several
serine active-site (marked by the asterisk) esterases (8). The
serine has been identified by labeling experiments as the
reactive residue of thioesterase (31).

The homology between polypeptide synthesis with the
thiotemplate mechanism and polyketide and fatty acid syn-
thesis is very interesting from the evolutionary point of view.
A certain homology between these processes was observed
by Lipmann (18). Polypeptide synthesis by the nonribosomal
thiotemplate mechanism is probably a very primitive mech-
anism of protein synthesis that preceded the sophisticated
mechanism of ribosomal protein formation. Activation and
polymerization of the amino acids as thioesters in the
thiotemplate mechanism strongly resemble the mechanisms
of polyketide biosynthesis and fatty acid synthesis (21, 22).
The finding of a thioesterase domain and three sequences
similar to the phosphopantetheine-binding consensus se-
quence of the acyl-carrier protein provides support for a
common ancestral gene from which polypeptide synthetases
and polyketide synthetases (including fatty acid synthetases)
derived. The relevance of the three phosphopantetheine-
binding sequences in amino acid polymerization is unclear,
since biochemical data indicate that about 1 mol of
pantethenic acid could be liberated per mol of ACV syn-
thetase (1).

The pcbAB gene is clustered with the pcbC gene; both are
early genes of the cephalosporin-biosynthetic pathway.
cefEF (and probably other late genes of the pathway) was
located in chromosome II, whereas the pcbC gene was found
in chromosome VI (37). It seems that most genes of the
cephalosporin-biosynthetic pathway are clustered into two
groups. pchAB and pcbC belong to the cluster of early
biosynthetic genes, and cefEF is located in the second (or
late) cluster of genes. We have found that the three genes
encoding the entire penicillin-biosynthetic pathway are
linked in a single cluster in P. chrysogenum (9, 10) and A.
nidulans (19, 26). The linkage of antibiotic-biosynthetic
genes is a well-known phenomenon in many antibiotic-
producing organisms (24) and suggests that the linkage has
occurred during evolution owing to an ecological selective
advantage conferred by coordinated expression of the clus-
tered genes.
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