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Isolation and Nucleotide Sequence of the Chloroperoxidase Gene
from Caldariomyces fumago
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The chloroperoxidase gene from the ifiamentous fungus Caldariomyces fumago has been isolated within a
16.3-kilobase insert in the vector XEMBL3. The DNA sequence of the gene and its immediate flanking regions
has been determined, and the start site of transcription has been mapped by primer extension.

Chloroperoxidase catalyzes the insertion of chlorine, bro-
mine, and iodine atoms into organic acceptor molecules. It is
intimately involved in the biosynthesis of chlorinated sec-
ondary metabolites in the filamentous fungus Caldariomyces
fumago. The enzyme is glycosylated and secreted into the
culture medium at levels of 500 mg/liter when fructose is
used as the carbon source for growth. No enzyme is pro-
duced if glucose is used to provide carbon to the cells.
Previous studies in our laboratory have shown that the
chloroperoxidase mRNA pool varies in concert with the
level of secreted enzyme activity (1).
To determine the primary structure of chloroperoxidase

and to begin to investigate what sequence elements of the
chloroperoxidase gene control the expression and secretion
of the protein, we have cloned and sequenced the gene and
its flanking regions.

Cloning the chloroperoxidase gene. Total cellular DNA
from C. fumago was partially digested with the restriction
endonuclease MboI. The resulting fragments were fraction-
ated on a low-melting-point agarose gel, and the 15- to
22-kilobase (kb) fragments were eluted. The eluted frag-
ments were ligated into the BamHI site of bacteriophage
XEMBL3, and the recombinant phage were packaged in
vitro using the Gigapak system from Stratagene Cloning
Systems, San Diego, Calif. Fifty thousand recombinant
phage were screened by plaque hybridization, using the
insert from the cDNA clone pMA340 (1), labeled by nick
translation, as the probe. Six positive clones were plaque
purified by successive rounds of plaque hybridization. DNA
isolated from each positive clone was digested with PvuII
and subcloned into the SmaI site of M13mp8. Ninety-six
subclones from each X clone were screened by colony
hybridization using the oligonucleotide probe T7MC29 (1).
Single-stranded DNA templates prepared from three appro-
priate subclones were sequenced, using the oligonucleotide
T7MC29 as the primer in dideoxynucleotide chain termina-
tion reactions (14). The sequence of all three clones matched
that of the cDNA clone pMA340, proving that they indeed
included part of the structural gene for chloroperoxidase.

Nucleotide sequence of the chloroperoxidase gene. To ob-
tain the sequence of the entire structural gene and its
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flanking regions, attention was directed to a single A clone
designated XMN11. Fragments of the clone spanning the
entire gene were isolated in M13mp8 by using the cDNA
probes pMA340 (1) and pGFx79 (4). The panel of M13
subclones was rescreened with pGFx79, a nearly full-length
cDNA clone (4). Subclones representing the amino-proximal
portion of the gene were found in both orientations, while
only one subclone representing the carboxyl-proximal por-
tion was found. Double-stranded replicative form DNA was
prepared from the carboxyl-proximal subclone, and the
insert was excised by digestion with Sall and EcoRI and
recloned in M13mp9 to provide template DNA in the oppo-
site orientation. The entire DNA sequence of the chlorope-
roxidase gene and its immediate flanking regions is presented
in Fig. 1. The DNA sequence extends from 819 base pairs
upstream from the start of transcription to a point 506 base
pairs downstream from the putative polyadenylation site.
The nucleotide sequence of the chloroperoxidase gene was
analyzed using the software available on the BIONET Na-
tional Computer Resource for Molecular Biology.
A search of the plant, organelle, and unannotated se-

quences of the GENBANK and EMBL databases on
BIONET revealed no significant homologies with known
DNA sequences. A comparison of the genomic sequence
with the sequence of a cDNA clone spanning almost the
entire gene (4) demonstrated that there are no introns in the
chloroperoxidase gene.

Transcription initiation site. Figure 2 shows the results of a
primer extension experiment in which the TRANSINIT
oligonucleotide was hybridized to C. fumago poly(A)+ RNA
and then extended in the 5' direction with reverse transcrip-
tase using the conditions of Boel et al. (2). The TRANSINIT
oligonucleotide is complementary to bases 45 to 72 of the
chloroperoxidase gene. The products of the primer exten-
sion reaction are shown in the lane labeled Ext. Three
prominent bands were observed in the primer extension
reaction, representing the three T residues in the sequence
5'-gtTggaTgaTga-3'. This sequence is the complement of the
message analog sequence presented in Fig. 1. Thus the
strongest of the three transcription start sites corresponds to
nucleotide 0 in the DNA sequence (Fig. 1). Weaker starts are
found at positions +3 and +7. All three sites are in agree-
ment with the general pattern of eucaryotic transcription
initiation sites, where an adenine residue is embedded in a
stretch of pyrimidines (3). The identity of the primer exten-
sion products was confirmed by excising them from a
preparative gel and subjecting the eluted DNA to Maxam-
Gilbert sequencing (10).

Inspection of the DNA sequence in the region approxi-
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-800 -780 -760
GGGCTGGTTT GCATGCACTT GCATCGCCTG CCTGTTTGCA TCCACAACCA GACGCTTCM GAAGTGATCA

-740 -720 -___ _ _ -680
GCTCCAAATG GCMCCTGTG TTCGCATTAG CCTCACTCGG GCGCTGTGCA GCGCAGTCC GCGCACTGTT

-660 -640 -620
GCATTACCTG TTGGCMAGG ACCGCCCTGA CCGTTGTGGC TAAGGTTTCG TCCTACTCTG TGCCTGCMC

-600 -580 -560 -540
CTAAAACTCG CCGCAGAGCT CAAGCCTGCG GACTACCCTC TCTCCACCAC TGATGCTTCA CGATCCACAT

-520 -500 -480
CGTGTTTAGT GATGGCCCTG TTCCTGACCT GACGTAGCGA CTATTCTGCG CMATCCTTC GACAGTAAGC

-460 -440 -420 -400
CATCTCTGTG CCTTGTGCCC CTCCCCGTGG CCCTCGCGCG CAGCATACCC TCCCTTGTGG TGCGACTCCA

-380 -360 -340
ACATGMGCT AGCACGTGTA AGCAAGGCAA TCCTCACCTC TGTTCACTAA TTCGTGTCGC TCTGCMCTC

-320 -300 -280 -260
CATACTGATC AGACAATGCC AGAGCTGGTG GTCMCCCM CGMCGGTCT TACGATCCTG CTGACCTACC

-240 -220 -200
GCCTCACTAG TCCTACCGGG AGAGTTCGAC TGACTTGCAG CAGACTGCCC ACGGMCCTG TCTGCTCGCT

-180 -160 -140 -120
GTAGAGATGG TGATGAGTGA TGGTCGATAT GCCGACATCC TTCTCTCGTT CGACCCTAGT GCTCTACCGA

-100 -80 -60
TACGGACGCC CTTCGACTCA GCCAAAGGAG GCATrTGGAC TTGGACAAMG CAGAACATAT CGCCTCTCGA

-40 -20 0 20
T tC TATCAGCATC TCCTCCTGC ATM MC TTTCTCCTCA TCATCCMCA AACCATCCAA

X ~~~tt t
40 60 80

TCCTCTAAAG CATCTGGCTC ACMCMGCC TCTGCTCATT CATTCGCTCT MGTCTTTGA ATCTTCGATT

100 ill 138

CTTCGATACT TCTCTCGCT ATG TTC TCC MG GTC CTT CCC TTC GTG GGA GCG GTT GCC
MET Phe Ser Lys Val Leu Pro Phe Val Gly Ala Val Ala

168 198

GCC CTC CCT CAC TCC GTC CGT CAG GAG CCT GGC TCC GGC ATT GGC TAC CCA TAC

Ala Leu Pro His Ser Val Arg Gln Glu Pro Gly Ser Gly lie Gly Tyr Pro Tyr

228
GAC MC MC ACC CTG CCA TAT GTC GCC CCA GGT CCT ACC GAC TCT CGT GCT CCT
Asp Asn Asn Thr Leu Pro Tyr Val Ala Pro Gly Pro Thr Asp Ser Arg Ala Pro

258 288
TGC CCA GCT CTG AAC GCT CTT GCC AAC CAC GGT TAC ATT CCT CAC GAT GGC CGT
Cys Pro Ala Leu Asn Ala Leu Ala Asn His Gly Tyr Ile Pro His Asp Gly Arg

318 348
GCC ATC AGC AGG GAG ACC CTC CAG MC GCT TTC CTC MC CAC ATG GGT ATT GCC
Ala Ile Ser Arg Glu Thr Leu Gln Asn Ala Phe Leu Asn His MET Gly Ile Ala

378 408
MC TCC GTC ATT GAG CTT GCT CTG ACC MC GCC TTC GTC GTC TGC GAG TAC GTT
Asn Ser Val Ile Glu Leu Ala Leu Thr Asn Ala Phe Val Val Cys Glu Tyr Val

438 468
ACT GGC TCC GAC TGT GGT GAC AGC CTT GTC MC CTG ACT CTG CTC GCC GAG CCC
Thr Gly Ser Asp Cys Gly Asp Ser Leu Val Asn Leu Thr Leu Leu Ala Glu Pro

498
CAC GCT TTC GAG CAC GAC CAC TCC TTC TCC CGC MG GAT TAC MG CAG GGT GTC
His Ala Phe Glu His Asp His Ser Phe Ser Arg Lys Asp Tyr Lys Gln Gly Val

528 558
GCC MC TCC AAC GAC TTC ATC GAC MC AGG MC TTC GAT GCC GAG ACC TTC CAG
Ala Asn Ser Asn Asp Phe Ile Asp Asn Arg Asn Phe Asp Ala Glu Thr Phe Gln

588 618
ACC TCT CTG GAT GTC GTT GCA GGC MG ACC CAC TTC GAC TAT GCC GAC ATG MC
Thr Ser Leu Asp Val Val Ala Gly Lys Thr His Phe Asp Tyr Ala Asp MET Asn

648 678
GAG ATC CGC CTT CAG CGC GAG TCC CTC TCC MC GAG CTT GAC TTC CCC GGT TGG
Glu lie Arg Leu Gln Arg Glu Ser Leu Ser Asn Glu Leu Asp Phe Pro Gly Trp

708 738
TTC ACC GAG TCC AAG CCA ATC CAG MC GTC GAG TCT GGC TTC ATC TTC GCC CTT
Phe Thr Glu Ser Lys Pro Ile Gln Asn Val Glu Ser Gly Phe Ile Phe Ala Leu

768
GTC TCT GAC TTC MC CTG CCC GAC MC GAT GAG MC CCT CTG GTT CGC ATT GAC
Val Ser Asp Phe Asn Leu Pro Asp Asn Asp Glu Asn Pro Leu Val Arg Ile Asp

798 828
TGG TGG MG TAC TGG TTC ACC MC GAG TCC TTC CCA TAC CAC CTC GGC TGG CAC

Trp Trp Lys Tyr Trp Phe Thr Asn Glu Ser Phe Pro Tyr His Leu Gly Trp His

858 888
CCC CCG TCT CCA GCC AGG GAG ATC GAG TTC GTC ACC TCC GCC TCC TCC GCT GTC
Pro Pro Ser Pro Ala Arg Glu Ile Clu Phe Val Thr Ser Ala Ser Ser Ala Val

918 948
CTG GCT GCC TCT GTC ACC TCT ACT CCA TCT TCC CTT CCA TCC GGT CCC ATC CGC
Leu Ala Ala Ser Val Thr Ser Thr Pro Ser Ser Leu Pro Ser Gly Ala Ile Gly

978 1008
CCA GGT GCC GAG GCT GTC CCT CTC TCC TTC GCC TCC ACC ATG ACC CCA TTC CTC
Pro Gly Ala Glu Ala Val Pro Leu Ser Phe Ala Ser Thr MET Thr Pro Phe Leu

1038
CTC GCC ACC MT GCT CCT TAC TAC GCC CAG GAC CCA ACT CTC CCG CCC CM CGA

Leu Ala Thr Asn Ala Pro Tyr Tyr Ala Gln Asp Pro Thr Leu Arg Pro Gln Arg

1068 107 1086 1106 1126
CM CCG TGA GGCTGCCCCA GCTGCCACCA CCTCCATGGC CGTCTTCMG MCCCATACC TCGAGCCCAT
Gln Ala

1146 1166 _ .
TGGCACCCAG GACATCMGA ACCAGCAGGC TTACGTCAGC TCCMGGCTG CTGCCATGGC CTCTGCCATG

*=1 1226 1246 1266
GCCGCCCMCA AGGCCCGCCM CCTTTMGCG CATCTACGAC ATCGAGATGG TCCAGCATTC ACTGTTCSGA

1286 1306 1326 1346

ATGTGMTGT_GCTACTTMC GACMCACGA GGAAATGCCT TTCCTCACTA CAGCATCAGC ATGCAGAGGC

_*t 1386 1406 ___

GCATTTGGTT TTTCCCGCAT AGATCGGCTG GCTTGGTCAC GAGTTTTCCG ATTGCACGAT TGATTTTATA

-A , ,_ 1466 1486

GMTAGMCG ATAGACTATA GACATAGAM AAACTGTATG CATTTCATGC CGCGTTTTAC CCCMMCCT

1506 1526 1546
ATCTCCTCTC TTTTCGCCGT CTATTTTCTC MTTCCCTCT TTCGTTTCTT CCCCTTTGGT TTTACAGACA

1566 1586 1606 1626
ATCMTCMT CGATCGATCG MAGGCTCAT TGGCCTTCTT ACATTTACTG TTATCCCTTC CGCATTGGTA

1646 1666 1686
CAGMCAGTG TGGAGGMCG CGGTATGAGA TCATMCCAT CATTACMCA TCATGGCAGC GCAGATCGCT

1706 1726 1746 1766
GCGAGCTTCT TACCCAGGM AGGATCGGGG TATCATTMG CTACCGCCCT GGCCTAGCCA GTCGCCCGM

1786 1806 1826
GATCTAGCTr GCAGCGGCTG CCCTATTTTC TCACCCATGC GGGCCATGAC TGTTCCCGM GTTAGTCCCC

1846 1866 1886 1906
TATCCMGTr GAAAAGATGO GAAAGTGGAG ATTTCTTACG TCGTGTTGAC TACTTTTGCC ACTTCCCTTA

1926 1946 1966
TCAGACGTAT ATACTCCMC ATCTGATCTG AGTGTTAGTA TMGGCMGA ATCAGGAGAT AT

FIG. 1. DNA sequence of the chloroperoxidase gene, deter-
mined by the dideoxynucleotide chain termination method. A set of
overlapping primers was generated utilizing DNA sequence data
from a previous reaction set to choose a sequence to synthesize for
use as the next primer. The sequence was analyzed using programs
available on the BIONET national computer resource for molecular
biology. Regions of dyad symmetry are underlined with arrows
(+*). The diamond marks the center of the dyad. Direct repeats are

overlined with = . Inverted repeats are underlined with arrows

(-* +-). The transcription initiation sites ( t ) were determined by
extension of a synthetic oligonucleotide primer, using as a template
poly(A)+ mRNA from chloroperoxidase-producing C. fumago cells.
The two sequences with TATA box homology are boxed (). The
polyadenylation site of the transcript (*) was inferred from the
existence of a poly(A) sequence following position 1462 in a cDNA
clone (pGFx79 [4]). The borders of the protein-coding region are

indicated with V. The amino-terminal glutamic acid residue of the
mature chloroperoxidase is boxed (O). The signal peptide preceding
the mature amino terminus is simply underlined.

mately 100 bp upstream from the start of transcription
revealed two sites showing TATA box-like sequences. The
two sites, CATAATT and ATATAA, are located at positions
-20 to -14 and -46 to -41. Genes totally lacking a TATA
box have been shown to be transcribed from multiple
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FIG. 2. Mapping the transcription initiation site of the chloroper-
oxidase gene. The transcription initiation site of the chloroperoxi-
dase gene was determined by the primer extension technique.
TRANSINIT oligonucleotide was 5' labeled with 32P to a specific
activity of 3 x 109 cpm/nmol. A 43-pmol sample (1.4 x 108 cpm) was
annealed for 3 min at 65°C to 10 ,ug of poly(A)+ RNA from C. fuma-

4-

.4 '4.

initiation sites (6). No CAT or GC box elements were
present in the proximal upstream region. None of the five
elements shown to date to be sufficient to provide a high
basal level of transcription (11) was found in the upstream
region of the gene.

Polyadenylation site. A poly(A) sequence, followed by
vector sequence, was found in the cDNA of pGFx79 after
the sequence GCAT-ITC (4), which comprises nucleotides
1456 to 1462 of the genomic sequence. Position 1462 is thus
considered the putative polyadenylation site of the chloro-
peroxidase transcript. Nucleotide 1463 is an adenine residue,
so this assignment is ambiguous by one nucleotide (see Fig.
1). The usual polyadenylation signal, AATAAA (13), was
not found in the nearby upstream region. However, a similar
sequence, AAAAAA, is located 13 to 18 nucleotides up-
stream of the polyadenylation site and might function as the
polyadenylation signal for this gene.
Symmetry considerations. Two regions having particularly

striking symmetrical structures are found in the genomic
clone. The first region lies about 700 base pairs upstream
from the start of transcription, involving nucleotides -724 to
-685. The basic element in this structure is a small dyad
repeat, GTGCAGCGCA. Nucleotides -705 to -685 consti-
tute a direct repeat of the basic element. Nucleotides -709
to -685 represent a slightly enlarged region of dyad symme-
try centered between the C and G bases at positions -698
and -697. The region from -704 to -695 is also the
downstream arm of an imperfect dyad symmnetry centered at
the G residue at position -709. Nucleotides -723 to -714
form the upstream arm. The layering of symmetry elements
in this region is reminiscent of the structure of the GALl-
GALJO promoter (16).
The second striking feature is the string of direct repeats of

the sequence ATAGA found in the region from nucleotide
1365 to 1445. This region contains six perfect repeats and
one imperfect version of the sequence. The end of this series
of repeats includes the first A of the AAAAAA sequence
noted above.
The protein coding region. Figure 1 presents the translation

of the nucleotide sequence data to an amino acid sequence
for chloroperoxidase. These data are consistent with peptide
sequence information (9). The codon for the amino-terminal
glutamic acid residue of mature chloroperoxidase starts at
position 173. The first methionine codon upstream from this
position is at nucleotide 110. If this methionine codon is
taken as the start site of translation, a rather typical signal
peptide coding sequence precedes the amino-ternuiial glu-
tamic acid residue found in the mature enzyme. Comparison
of this putative signal sequence with known signal peptides
shows it to have the basic amino-terminal region, a hydro-
phobic core, and the helix-breaking serine residue typical of

go cells that had been grown on fructose-containing medium for 3 to
4 days and were shown to be secreting chloroperoxidase. After
annealing, the mixture was placed on ice, and reactants for the
primer extension reaction were added immediately. Conditions for
the reaction are described in reference 2. After the primer extension
reaction, the products were ethanol precipitated, dried under vac-
uum, and redissolved in buffer of the same composition as that used
to load the DNA sequencing reactions used as markers. To provide
markers for lengths of the products, the TRANSINLT primer was
used as the primer for a set of dideoxynucleotide chain-termination
sequencing reactions, using a template including the suspected
transcription initiation site (M13mp8/XMN11-D11). Lanes: C, A, T,
G, and C, dideoxynucleotide sequencing reactions; Ext., primer
extension reaction; Pr., labeled primer alone.

VOL. 170, 1988
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FIG. 3. Restriction map of the XMN11 clone. (A) Low-resolution restriction map of the entire XMN11 clone. The length of the insert is
16.3 kb. The direction of transcription was determined by Southern blotting of a restriction mapping gel using the TRANSINIT
oligonucleotide (see the legend of Fig. 2), which hybridizes to a position near the 5' end of the chloroperoxidase gene, as the probe. The
Southern blot identified the restriction fragment containing the transcription initiation site. The position of the internal XhoI site was known
from DNA sequence data. Abbreviations for restriction sites: H, HindIII; Sm, SmaI; X, XhoI. (B) Expansion of the map surrounding the XhoI
site internal to the chloroperoxidase gene. Abbreviations for restriction sites: A, AvaI; N, NruI; P, PvuII; R, RsaI; S, SacI; X, XhoI. The
XhoI site and the three PvuII sites were derived from the subcloning and restriction mapping data. Other sites were derived from a search
of the DNA sequencing using the SEQ program of BIONET. Of those sites, the NruI site was confirmed by restriction digestion. Also shown
are the positions of the start (ATG) and stop (TGA) codons within the transcribed region of the gene (hatched portion). Diagrammed below
the map is the strategy employed in obtaining the sequence of the chloroperoxidase gene, with the primers used in each reaction set noted.

signal peptides (7). However, the glutamine residue at the
cleavage site is atypical. The amino acid usually found at
signal peptide processing sites is a residue having a small,
neutral side chain (15). The residue preceding the cleavage

El.

4.4

FIG. 4. Southern blots of C. fumago total cellular DNA using
T7MC29 and insert from cDNA pMA34O as probes. C.fumago total

cellular DNA was digested to completion with Aval, BamHl,
EcoRI, or Pvull. The resulting fragments were fractionated in

duplicate sets by electrophoresis in a 0.7% agarose gel. 12P-labeled

Hindlll fragments were used as molecular weight markers. The

fragments were electroblotted to a Gene Screen Plus membrane and

probed with either 5'-end-labeled oligonucleotide T7MC29 or nick-

translated insert from the cDNA pMA34O clone (1). Probes were

labeled with 32P to a specific activity of 0.5 x 10' to 1 x 109 cpm/lpg.
For each hybridization, 1.5 x 106 cpm of probe was added.

Hybridization with the oligonucleotide probe T7MC29 was per-

formed at 50'C; hybridization with the pMA34O insert probe was

performed at 650C. Remaining details of the hybridization technique
are presented in the "alternate method" in Technical Bulletin

NEF-976, available from New England Nuclear Corp. (Boston,

Mass.). Stringent wash steps were performed at the hybridization

temperatures. 32P-labeled Hindlll molecular weight markers are

shown in the left lane (the size of each fragment is noted at the left

of the figure). Lanes 1 through 4, Restriction fragments of C.fumago
DNA probed with oligonucleotide T7MC29 (1, Aval; 2, BamHI; 3,

EcoR9;4, Pvull); lanes 5 through 8, restriction fragments of C.

fumago DNA probed with the insert from the cDNA clone pMA34O

(5, Aval; 6, BamHl; 7, EcoRI; 8, Pvull).

site is an arginine. There is precedence for processing at
basic residue sites. The KEX2 gene product of Saccha-
romyces cerevisiae cleaves proteins after pairs of basic
residues (5). This protease is a leader processing enzyme
that has been shown to be involved in the secretion of the
mating pheromone alpha factor and of the pre-Kl toxin
peptide (8). A lysine-arginine sequence also is found at the
cleavage site of the preglucoamylase from Aspergillus awa-
mori (12).

Restriction map of AMnll. Figure 3 shows a restriction
map of clone XMN11. Line A is a low-resolution map of the
entire clone, showing the insert and the direction of tran-
scription. The XhoI site within the insert is located at
nucleotide 1127 in the chloroperoxidase gene. The nucleo-
tides are numbered with respect to the start site of transcrip-
tion, which is defined as 0. Line B of Fig. 3 shows an
expansion of the map around the XhoI site internal to the
gene. The positions of the two PvuII sites outside of the gene
are inferred from the subcloning strategy. The other restric-
tion sites (except the XhoI site) are derived from the DNA
sequence. Of these, the NruI site has been proven by
secondary digestion of the 2.8-kb XhoI doublet band after
excision of that band from a gel. Also shown are the
designations and relative positions of the primers used for
sequencing the gene. The total length of the insert in XMN11
is 16.3 kb.
Copy number. Figure 4 is a Southern blot of C. fumago

total cellular DNA performed using both the oligonucleotide
T7MC29 and the insert from the cDNA pMA340 clone as
probes. The single band observed in each of the restriction
digestions strongly suggests that the chloroperoxidase gene
is present in the genome in a single copy. Alternatively, the
gene may be present on a multicopy extrachromosomal
element. It also is possible that a large segment ofDNA (>10
kb) containing the chloroperoxidase gene could be repeated
without polymorphism. The restriction site data available
cannot distinguish between these possibilities. When the
complexity of the C. fumago genome has been determined,
the quantitative hybridization experiments necessary to re-
solve this question can be done.

J. BACTERIOL.
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