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The genomic clones encoding lignin peroxidase isozyme H8 and two closely related genes were isolated from
Phanerochaete chrysosporium BKM-1767, and their nucleotide sequences were determined. The positions and
approximate lengths of introns were found to be highly conserved in all three clones. Analysis of homokaryotic
derivatives indicated that the three clones are not alleles of the same gene(s).

Lignin depolymerization is catalyzed by extracellular per-
oxidases of white rot basidiomycetes such as Phaneroc haete
chrx'sosporium (9). In submerged culture, multiple lignin
peroxidase (LiP) isozymes are present (10, 11), and produc-
tion is derepressed under carbon, nitrogen, or sulfur limita-
tion (8. 11). The roles of individual isozymes in lignin
degradation and the underlying genetic regulation are poorly
understood.
The nucleotide sequences of the cDNA encoding the

predominant isozyme H8 (20), the genomic clone of H8 (17),
and two additional cDNA clones (5) have been reported.
Deduced amino acid sequences are 70 to 80% identical among
all three clones. These clones were all derived from P. chr-
sosporiumn BKM-1767 (ATCC 24725), which is, quite probably,
heterokaryotic (1, 19). Hence, the possibility of allelic relation-
ships between these three clones cannot be formally excluded.
We report here remarkable structural homology among three

LiP genomic clones. Analysis of homokaryotic derivatives
demonstrated that the three are not alleles of the same gene.

Isolation and identification of LiP genomic clones. Standard
Southern and colony hybridization techniques were used
throughout (4, 12, 18). A 700-base-pair (bp) Sphl genomic
fragment isolated from H8 (Fig. 1) was used to probe a
4,500-member P. ch,ysosporium library in cosmid pKBY2
(22). Given an approximate haploid genome size of 4.4 x 10'
kilobases (14), there was a >0.97 probability of any gene
being present in the cosmid library, although this figure
would be reduced to some extent by heterokaryosis. Ini-
tially, low to moderate stringencies were used (30% form-
amide, 37°C), and 29 strongly hybridizing clones were iden-
tified. Subsequent Southern analyses of positive clones
entailed digestions with EcoRV, XhoI, TaqI, and Sau3A,
size fractionation on 1% agarose gels, blotting to Nytran
(Schleicher & Schuell, Inc., Keene, N.H.), and probing with
a 270-bp EcoRV fragment from genomic H8 (Fig. 1) under
various stringencies.

Families of closely related clones were evident by several
distinct patterns on Southern blot autoradiograms. Only one
group, subsequently shown to contain the gene encoding H8
(17), hybridized at high stringencies (50% formamide, 60°C).
Six clones fell into this group. Under reduced hybridization
stringencies (50% formamide, 37°C), two additional patterns
were recognized and designated 0282-like (nine cosmids) and
V4-like (three cosmids). Seven cosmids gave no discernible
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signal, and four had unique patterns. A representative
cosmid from each group was subcloned and partially se-
quenced. The four unique clones had no clear sequence
homology with previously published cDNA sequences (5,
20). These cosmids probably represent complex rearrange-
ments or separate genes. They were not characterized fur-
ther. It is probable that additional related clones could be
identified by using probes other than the 700-bp SphI frag-
ment from genomic H8. Furthermore, cosmid groups iden-
tified by Southern hybridization patterns, i.e., H8-, 0282-,
and V4-like, may contain closely related genes or alleles.
The exact number of LiP-specific alleles remains to be
established.

Nucleotide sequence, predicted amino acid sequence, and
comparative analysis of LiP clones. Cosmids H8, 0282, and
V4 were subcloned and sequenced by the dideoxy method
(15). The three clones showed regions of intense nucleotide
homology (Fig. 1 and 2). Intron positions in 0282 and V4
were deduced by alignment with the genomic H8 sequence
(17) and by the presence of highly conserved 5' and 3' splice
sites (2). Intron position and length were conserved in all
three genes, although sequence similarity within introns was

200 bp

ATG

HS

B

0282

TAA

Ar943 His47

S BsE N
4 4 4 44

His 176

E S
4 4

H X
4 4

x K

V4 E Z~

FIG. 1. Schematic representation of genomic clones showing
alignments of signal sequences (EO). introns (E), and coding regions
for mature polypeptide (-). Positions of essential amino acid
residues are shown by cDNA coordinates (20). For cosmid V4, only
sequences surrounding essential amino acid residues were deter-
mined. Restriction site abbreviations: S. SpIzl; Bs, BssHII; E.
EcoRV; N. Ncol; H, Hindlll; X. XhoI; K, KpnI.
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H8 accgcgtcacgtcgattcgacactgttctacggcgaa-aataccaggacgtcgaccacgcctagggtat.aaaa -75
0282 accgcctcacgtcgattcgacggtgttccaaagtggactgtagcaacatatcgcgcacggagatggtataaaa

H8 gggcgacaggaccaccgcagtcccgcagacatccagtctcttcagtcccac---tcagcaccagcaacacagc -5
0282 ggactgcacgactgctgcac-ccctcagacctcgagtctcttccttagctctagtcagcagcagcaagacagc

H8 ggac ATG GCC TTC AAG CAG CTC TTC GCA GCT ATC TCT CTC GCT CTC TTG CTC TCG 51
MET ALA PHE LYS GLN LEU PHE ALA ALA ILE SER LEU ALA LEU LEU LEU SER -12

0282 ggac ATG GCC TTC AAG CAG CTC TTT GCG GCT ATC TCT CTT GCG CTC TCG CTC TCG
Ser

H8 GCT GCG AAC G gtatgcccatcgcagttagcgttgaccagtggactgcatgctgaacgtcgtcttgtg- 118
ALM ALA ASN A -9

0282 GCT GCG AAC G gtatgcctttcgcacttcaagctaactctacg-tgctgaatgtttgtttggtt

H8 -cag CG GCT GCG GTG ATC GAG AAG CGC GCG ACC TGT TCC AAC GGC AAG ACC GTC 171
LA ALA ALA VAL ILE GLU LYS ARG Ala Thr Cys Ser Asn Gly Lys Thr Val 9

0282 atag CG GTC GCA GTG AAG GAG AAG CGC GCA ACC TGT GCT AAC GGC GCG ACC GTT
Val Lys Ala Ala

H8 GGC GAT GCG TCG TGC TGC GCT TGG TTC GAC GTC CTG GAT GAT ATC CAG CAG AAC 225
Gly Asp Ala Ser Cys Cys Ala Trp Phe Asp Val Leu Asp Asp Ile Gln Gln Asn 27

0282 GGT GAC GCG TCT TGT TGC ACC TGG TTC GAT GTT TTG GAT GAC ATC CAT GAG AAT
Glu

V4 ATC CAG GAG AAC
Glu

H8 CTG TTC CAC GGC GGC CAG TGC GGC GCT GAG GCG CAC GAG TCG ATT CGT CT gtg 278
Leu Phe His Gly Gly Gln Cys Gly Ala Glu Ala His Glu Ser Ile Arg Le 43

0282 CTG TTC CAC GGC GGG CAG TGC GCG GCT GAA GCG CAC GAG TCG ATC CGT CT gta
Ala

V4 CTC TTC AAC GGC GGC CAA TGC GGC GCC GAG GCA CAT GAG TCT CTC CGC CT gtg
Asn Leu

H8 agtgat-cccgtcgcgatctcctgctatgcatgtttgaacaccccgcccag C GTC TTC CAC GAC 341
u Val Phe His Asp 48

0282 ggtcttacagtcgtagtcatcccgcgtatatgcctctgagctcctgcacag C GTC TTC CAC GAT
V4 aggact-ccgtcagcctcaggttggttttcccagctgacaccggcccacag T GTA TTC CAC GAC

H8 TCC ATC GCA ATT TCG CCC GCC ATG GAG GCA CAG GGC AAG TTC GG gtaagttgcca 396
Ser Ile Ala Ile Ser Pro Ala Met Glu Ala Gln Gly Lys Phe Gi 62

0282 TCT ATC GCT ATC TCT CCC GCT ATG GAG GCC CAG GGC AAG TTC GG gtaagtgacgg
V4 GCC ATC GCG ATC TCT CCC GCG CTG GAG GCT CAG GGC AAA TTC GG gtacagtctca

Ala Leu

H8 cccgcgttgcgccaccta------gtcgtttgctgatccctccttgcag C GGC GGT GGT GCT GAC 455
y Gly Gly Gly Ala Asp 68

0282 cgtgcgtgatggtacgcagtgctcggtcgttgctgagccttgcttgcag A GGT GGT GGT GCA GAC
V4 acggcatacattgtacattgagtgctgacagtgcat------ctt-cag C GGC GGA GGT GCC GAC

H8 GGC TCC ATC ATG ATC TTC GAC GAT ATC GAG ACT GCG TTC CAG CCT AAC ATC GGT 509
Gly Ser Ile Met Ile Phe Asp Asp Ile Glu Thr Ala Phe His Pro Asn Ile Gly 86

0282 GGC TCC ATC ATG ATC TTC GAC GAC ATC GAG ACG GCG TTC CAT CCC AAC ATC GGT
V4 GGC TCC ATC ATG GTC TTC GAT ACT ATC GAG ACC AAT TTC CAC CCG AAC ATC GGT

Val Thr Asn

FIG. 2. Alignment of the genomic clone encoding H8 (EMBL accession number X06689) and two related clones, 0282 and V4 (partial
sequence). Putative CAAT (-110) and TATA (-81) are underlined. Essential amino acids at positions 43, 47, and 176 are in boldface. Amino
acids -1 to -28 (capitalized) represent the presumed signal and propeptide sequence. Gaps are introduced to maximize nucleotide alignments
by the method of Wilbur and Lipman (21). All of H8 is translated, whereas 0282 and V4 translations are shown only where different from H8.
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H8 CTC GAC GAG ATC GTC AAG CTC CAG AAG CCA TTC GTT CAG AAG CAC GGT GTC ACC 563
Leu Asp Glu Ile Val Lys Leu Gln Lys Pro Phe Val Gln Lys His Gly Val Thr 104

0282 CTC GAC GAG ATT GTC AAG CTT CAG AAG CCG TTC GTC CAG AAG CAG AAC GTC ACC
Asn

V4 CTC GAC GAA ATC GTC CGC CTG CAG AAA CCG TTC GTT CAG AAG CAC GGT GTT ACT
Arg

H8 CCT GGT GAC TTC ATC GCC TTC GCT GGT GCT GTC GCG CTC AGC AAC TGC CCT GGT 617
Pro Gly Asp Phe Ile Ala Phe Ala Gly Ala Val Ala Leu Ser Asn Cys Pro Gly 122

0282 CCT GGC GAT TTT ATT GCC TTC GCC GGG GCT GTC GCA CTC AGC AAC TGC CCT GGT
V4 CCT GGC GAC TTC ATC GCA TTC GCT GGT GCG GTA GGA CTG AGC AAC TGC CCG GGT

Gly

H8 GCC CCG CAG ATG AAC TTC TTC ACT GOT CGT GCA CCT G gtatacctgcaaaactcgct 674
Ala Pro Gln Met Asn Phe Phe Thr Gly Arg Ala Pro A 134

0282 GCC CCT CAA ATG AAC TTC TTC ACC GGT CGC GCT CCT G gtatgtgcttcattccattt
V4 GCG CCA CAA ATG AAC TTC TTC CTC GGT CGC --- CCA G ctcgtgagtcgtttgtgatt

Leu

H8 ttgcggatggtacgaactaactgtctgctt--tag CT ACC CAG CCC GCT CCT GAT GGC CTT 733
la Thr Gln Pro Ala Pro Asp Gly Leu 143

0282 caccccaaggattcccaatgacattgggaccgtag CT ACC CAG CCA GCT CCA GAT GGC CTT
V4 gaxatatgggcgcacctcatgtacc--gaatctag CG ACC AAG GCC GCA CCG GAC GGT CTT

Lys Ala

H8 GTC CCC GAG CCC TTC C gtaagtggtcttatccaagcagttaggtgcggtctatactgactagca 797
Val Pro Glu Pro Phe H 148

0282 GTT CCC GAG CCG TTC C gtaagtgcatacttctagacagacgtcaccgtactttcgctcacatct
V4 GTC ACA GAA CCC TTC C gtactgaccgaaatctgcggatgcgaagttgctcaccagaagcataca

H8 tg---cag AC ACT GTC GAC CAA ATC ATC AAC CGT GTC AAC GAC GCA GGC GAC TTC 849
is Thr Val Asp Gln Ile Ile Asn Arg Val Asn Asp Ala Gly Glu Phe 164

0282 gcacccag AC ACT GTC GAT CAA ATC ATC AGC CGT GTC AAT GAT GCC GGA CAG TTC
Ser Gln

V4 ga---cag AC TCC GTC GAT CAA ATC CTG GCT CGG GTG GCC GAC GCT GGC GAG TTT
Ser Leu Ala Ala

H8 GAT GAG CTC GAC CTT GTC TGG ATG CTC TCC GC gtaagtcactcactgttgacttcgacac 909
Asp Glu Leu Glu Leu Val Trp Met Leu Ser Al 174

0282 GAT GAG CTC GAG CTC GTA TGG ATG CTT TCG GC gtaagtctcgagattgtgtgtcagttca
V4 GAC GAA CTC GAG ACT GTC TGG CTG CTC TCG GC gtaagcttctccgcgttatgtgcgtatg

Thr Leu

H8 tcccttcctgagacctcga--cag G CAC TCC GTC GCA GCG GTG AAC GAC GTC GAC 962
a His Ser Val Ala Ala Val Asn Asp Val Asn 185

0282 tcctatctgactgcctgg-------cag G CAC TCC GTC GCG GCA GTC AAC GAC GTC GAT
V4 ttggtgtatttaccacccatgtgcgtag G CAT TCT GTC GCT GCC GCC AAC GAC GTC GAC

Ala

H8 CCG ACC GTC CAG GGT CTG CCC TTT GAC TCG ACC CCC GGA ATC TTC GAC TCC CAG 1016
Pro Thr Val Gln Gly Leu Pro Phe Asp Ser Thr Pro Gly Ile Phe Asp Ser Gln 203

0282 CCG ACT GTC CAA GGT CTG CCC TTC GAC TCG ACG CCC GGA ATC TTC GAC TCC CAG

H8 TTC TTC GTC GAG ACT CAG CTT CGT GGT ACC GCC TTC CCC GGC TCT GGT GGC AAC 1070
Phe Phe Val Glu Thr Gln Leu Arg Gly Thr Ala Phe Pro Gly Ser Gly Gly Asn 221

0282 TTC TTC GTC GAG ACT CAG CTC CGT GGC ACC GCG TTT Ccc GGG TCT GGC GGC AAC

H8 CAA GGC GAG GTC GAG TCG COG CTC CCT GGC GAA ATT CGC ATC CAG TCC GAC CAC 1124
Gln Gly Glu Val Glu Ser Pro Leu Pro Gly Glu Ile Arg Ile Gln Ser Asp His 239

0282 CAG GGT GAG GTC GAG TCG CCT CTT CCC GGC GAG TTC CGC ATC CAG TCG GAC CAC
Phe

FIG. 2-Continued
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H8 ACT ATC
Thr Ile

0282 ACC ATC

H8

0282

H8

0282

CAG TCC
Gln Ser
GAG TCG

GGC GAG
Gly Gln
GGC GAG

H8 CCC ATC
Pro Ile

0282 CCC ATC

H8 GAC GTT
Asp Val

0282 GAT GTT

GCC CGC GAC TCG CGC ACG GCG TGT GAA TGG CAG TCC TTC GTC AAC AAC
Ala Arg Asp Ser Arg Thr Ala Cys Glu Trp Gln Ser Phe Val Asn Asn
GCC CGC GAC TCG GCC ACG GCG TGT GAA TGG CAG TCC TTT GTC AAC AAC

Ala

AAG CTC GTC GAT GAC TTC CAG TTC ATC TTC CTC GCC CTC ACC CAG CTC
Lys Leu Val Asp Asp Phe Gln Phe Ile Phe Leu Ala Leu Thr Gln Leu
AAG CTC GTC GAC GAC TTC CAG TTC ATC TTC CTC GCC CTC ACT CAG CTC

GAC CCG AAC GCG ATG ACC GAC TGC TCG GAT GTT ATC CCG CAG TCC AAG
Asp Pro Asn Ala Met Thr Asp Cys Ser Asp Val Ile Pro Gln Ser Lys
GAC CCG AAT GCG ATG ACC GAC TGC TCG GAT GTC ATC CCG CAA TCG AAG

CCT GGC AAC CTC CCA TTC TCG TTC TTC CCC GCT GGC AAG ACC ATC AAG
Pro Gly Asn Leu Pro Phe Ser Phe Phe Pro Ala Gly Lys Thr Ile Lys
CCC GGC AAC CTT CCG TTC TCG TTC TTC CCC GCA GGC AAG ACC ATA AAG

GAG CAG GCG gtgcgtatttcaccccaccatgcagtagagtggctgctgaacatcgcatg
Glu Gln Ala
GAG CAG GCG gtgcgtgatctgcatattcgtaggcgcgatgatcctgatctttgccttg-

H8

0282

acag TGT GCG GAG ACC CCC TTC CCG ACT CTC ACC ACT CTC CCG GGC CCC GAG
Cys Ala Glu Thr Pro Phe Pro Thr Leu Thr Thr Leu Pro Gly Pro Glu

-cag TGC GCG GAG ACC CCA TTC CCC ACA CTC ACG ACC CTC CCT GGA CCC GAG

H8 ACG TCC GTC GAG CGC AT gtgagtacaatccatgagatctttcaggaaatgcaatctgggctgac
Thr Ser Val Gln Arg Ii

0282 ACC TCC GTC GAG CGC AT gtgagtacacaatctaggttcagcccagaagcacgcactgacagcct

H8 atgctccttctccag C CCT CCG CCT CCG GGT GCT TAA atgatgccatacagaatactcct
e Pro Pro Pro Pro Gly Ala END

0282 -----------ttag T CCG CCG CCC CGA GGT GCT TAA acaaaaacaagtcgagaacgaca

H8 caaaccg-actgtaacggtggccggctaactc
0282 gtatcttcactgtatcggtagctgatccagtc

FIG. 2-Co,witniued

low relative to that in coding regions. Another genomic LiP
recently cloned by Sims et al. (16) from P. chlrysosporiun
ME446 shows the same basic structural features, i.e., eight
introns and high sequence homology to H8 cDNA.
Amino acid and nucleotide similarities, expressed as per-

cent identity within aligned regions, were calculated (Table
1). Predicted amino acid sequences were highly homologous,
particularly between H8 and 0282, which were 96.5% iden-
tical. There was no apparent regional clustering of mis-
matched amino acids. The majority of mismatched bases
occurred at the third position of codons and did not affect the
amino acid sequence. As with previously studied LiP cDNA
clones (5, 20), a high degree of codon bias was present.
Arg-43, His-47, and His-176 (Fig. 1), believed essential for
peroxidase activity (20), were present in all three clones. The
amino acid sequences of H8 and 0282 were nearly identical

TABLE 1. Nucleotide and amino acid identities among
P. chrylsosporiurm lignin peroxidase genes

Amizio a(cids"

H8 0282 V4 CLG4" CLG5"

H8 96.5 85.8 72.1 82.5
0282 88.1 84.6 70.5 81.2

N,ileotides' V4 80.0 76.3 85.2 83.3
CLG4 73.5 70.8 77.6 66.8
CLG5 80.7 78.4 79.6 71.8

Percentage of matched nucleotides within exons as determined by Wilbur
and Lipman (21), using K-tuple of 3, window size of 20. and gap penalty of 3.
/Data from reference 5.
Percentage of matched amino acids within overlapping alignments (21).

in these regions, but V4 encoded single amino acid differ-
ences within two residues of Arg-43 (Ile-42 -> Leu) and
His-47 (Ser49 -* Ala) (Fig. 2). In all three clones, the codons

for the essential amino acids lay immediately adjacent to
intron 2 or 6 (Fig. 1 and 2). The location of intron 8, adjacent
to the last, proline-rich exon, and the position of intron 1,
which splits a putative signal sequence-propeptide junction
(13), are consistent with introns having played a role in
shuffling functional domains (3). The putative propeptide
(Ala-Ala-Val-Ile-Glu-Lys-Arg) follows the consensus splice
site Ala-X-Ala (13) and is similar to the Aspergillius niger
glucoamylase propeptide (Ser-Val-Ile-Ser-Lys-Arg) (7).

Absence of allelic relationships among LiP clones. The
potentially heterokaryotic nature of P. chrysosporium and
the extremely high sequence homology, particularly be-
tween 0282 and H8, suggest the possibility of allelic relation-
ships among these clones. This possibility was formally
excluded by probing single-basidiospore derivatives with
clone-specific fragments. Alleles of the same gene will seg-
regate independently in homokaryotic progeny such that, if
allelic, 0282, H8, and V4 would not be detected in the same

single-basidiospore cultures.
Basidiospores were harvested from xylose-containing me-

dium (6). For Southern analysis, DNA was purified from five
single-basidiospore cultures, digested with restriction endo-
nuclease, size fractionated on 0.6% agarose, blotted to
Nytran, and probed with nick-translated fragments under
stringent conditions (50% formamide, 60°C) (Fig. 3).
The pattern expected for individual genes, as opposed to

segregating alleles, was observed in all cases. In one basid-
iospore culture, designated SB-9 (Fig. 3B, lane 9), the
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FIG. 3. Southern hybridizations of genomic DNA from single-basidiospore derivatives of P. chrvsosporiumn BKM-1767. (A) EcoRV-
digested DNA probed with a 266-bp EcoRV fragment of H8; (B) HindIlI-Xhol-digested DNA probed with a 330-bp Hindll-Xhol fragment of
0282; (C) XhoI-Kpnl-digested DNA probed with a 190-bp XhoI-Kpnl fragment of V4. Lanes: 1, 2, and 3, plasmid digests containing the V4,
0282, and H8 genes (to demonstrate specificity of probes); 4, DNA size marker (lambda HindllI plus pBR322 Hinfl); 5, BKM-1767 parental
DNA (control); 6, single-basidiospore derivative 3 (SB-3); 7, SB-5; 8, SB-7; 9, SB-9; 10, SB-13.

expected 330-bp XhoI-HinidIII band was lacking, although
another, higher-molecular-weight band was visible in all
single-basidiospore cultures (lanes 6 to 10) and in the paren-
tal culture (lane 5). After digestion with HindIII-BamHI and
probing with a 900-bp HindIII-BamHI 0282 fragment (Fig.
1), a similar pattern was observed; i.e., the 0282-specific
band was absent from SB-9 (data not shown). The deletion of
0282 in SB-9 may indicate aneuploidy. The 0282-like gene
represented by the higher-molecular-weight band was not
detected in the cosmid library.
These data, together with previously reported cDNA

sequences, demonstrate that the LiPs of P. chrysopsorium
are encoded by a large and complex gene family. The
organization, transcriptional regulation, and isozyme and
gene specificities of these genes need to be established.

We thank Kent Kirk and Sarah Covert for thoughtful comments
and R. Berka for recognizing the putative propeptide-signal peptide
cleavage site.
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