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Two cDNA sequences representing putative allelic variants of the Phanerochaete chrysosporium cbhII gene
were isolated by hybridization to the Trichoderma reesei cbhII gene. Both of the equivalent genomic sequences
were subsequently isolated by the inverse PCR technique. DNA sequencing showed that the cbhII open reading
frame of 1,380 bp codes for a putative polypeptide of 460 amino acids which is interrupted by six introns. The
domain structure found in T. reesei cbhII is conserved in the equivalent P. chrysosporium protein. The overall
similarity between the two gene products is 54%, with the region of highest conservation being found in the
cellulose-binding domain (65%). Unlike the cbhI gene ofP. chrysosporium, cbhII does not appear to be a member
of a class of closely related genes. CBHII is a new member of family B of the 13-1, 4-glucanases. Alignment of
the P. chrysosporium and T. reesei CBHII protein sequences showed that all of the residues important for the
formation of the extended loops of the catalytic domain and those residues that are involved in the catalytic
action of the T. reesei enzyme are also present in the P. chrysosporium equivalent. The profiles of cbh gene
expression in P. chrysosporium reveal that while cbh1.1 and cbhl.2 could be coregulated, cbhII can be
independently controlled. The latter is so far the only cellulase gene found to be expressed when the fungus is
grown on oat spelt arabinoxylan, suggesting that it may play an active role in the xylanolytic as well as the
cellulolytic systems.

Cellulose is the world's most abundant biopolymer, and as
such, its degradation is of considerable ecological, agricultural,
and commercial importance. Biological degradation involves
the action of cellulases, which are produced by a wide range of
bacterial and fungal species. Typically, any such organism
produces a number of different cellulases which frequently act
synergistically to effect cleavage of the 1-1, 4-chain. In the
best-studied cellulolytic organism, Trichoderma reesei, four
different activities have been identified. These are two exocel-
lobiohydrolases (CBHI and CBHII) and two endoglucanases
(EGI and EGIII). Each of these is coded for by a single gene
which has been characterized at the molecular level (3, 17, 24,
26, 29, 30, 33).

In nature, cellulose is usually found in association with both
lignin and hemicelluloses as a component of lignocellulose.
Unlike T. reesei, the white rot fungus Phanerochaete chryso-
sporium is able to degrade all of these components of ligno-
cellulose. This is achieved through the action of a large number
of extracellular enzymes, including two distinct classes of
peroxidases believed to degrade lignin (14), a number of
xylanases (4), and several cellulases (8, 32). Genes coding for
both types of peroxidases and one class of cellulase (exocello-
biohydrolase I, or CBHI) have been described, and each of the
three activities has been found to be coded for by a family of
closely related genes (2, 5, 10, 18, 28).
To date, there is no information concerning the gene or

genes coding for the exocellobiohydrolase II (CBHII) activity
isolated by Uzcategui et al. (32). Here we show that the cbhII
gene of T. reesei hybridizes to a single sequence within the P.
chrysosporium genome and that this codes for a CBHII-like
protein. This is thus the first instance of a class of extracellular
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enzyme activity produced by this organism which is not coded
for by a gene family.

MATERMILS AND METHODS

Organism. P. chrysosporium ME446 (ATCC 34541) was
maintained on slopes of 2% (wtlvol) malt extract.

Culture conditions for expression studies. Culture medium
was modified Vogel's medium (15) containing 0.01 M dimethyl
succinate buffer (pH 4.5), 0.23 g of NH4H2PO4 per liter (low
nitrogen), 0.068 g of veratryl alcohol per liter, and 0.2%
(wt/vol) of a carbon source from glucose, Avicel (microcrystal-
line cellulose), ball-milled straw (BMS; lignocellulose), car-
boxymethyl cellulose, or oat spelt arabinoxylan.

General molecular biological techniques. DNA manipula-
tions were performed according to methods described by
Sambrook et al. (25) unless otherwise stated. Restriction
enzyme digestions were carried out according to the manufac-
turer's recommendations.

Isolation and characterization of clones. A P. chrysosporium
ME446 expression library constructed from cDNA derived
from a BMS-grown culture and cloned into X-NM1149 (28)
was hybridized under nonstringent conditions (4X SSC [lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 45%
formamide, 5x Denhardt's solution, and 0.1% sodium dodecyl
sulfate [SDS] at 37°C) to a 3.9-kb HindIII fragment containing
the T. reesei cbhII gene (29). Three clones were isolated, and
their inserts were cloned into pUC18 and characterized by
restriction analysis. The complete primary sequence of one of
the clones (pC1.2.1) and partial sequence of another clone
(pC2.2.2) were determined by the dideoxy chain termination
method. Sequenase version 2.0 (U.S. Biochemicals) was used
for these reactions according to the manufacturer's recommen-
dations. Universal primers, synthetic oligonucleotides, and
subclones were used to obtain the complete sequence.

Southern blotting. Genomic DNA was isolated from cul-
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tures of P. chrysosporium by methods described before (20).
Separate aliquots of this DNA were digested with XbaI, Sacl,
PvuI, PstI, HindIII, and EcoRI, all enzymes for which a site is
not present within the cbhII gene. These digests were blotted
and probed under stringent conditions (4X SSC, 50% form-
amide, 5x Denhardt's solution, and 0.1% SDS at 37°C) with
the 1.0-kb BamHI fragment from pC1.2.1.
PCR reactions. For inverse PCR reactions, 1 pLg of genomic

DNA was digested with PstI. An aliquot (approximately 0.2
,ug) of the digest was used in a ligation reaction. The ligated
DNA was precipitated, briefly dried, and resuspended in 10 VI
of distilled water. The reaction mixture for the PCR was as

follows: 40 ng of digested and ligated genomic DNA, 200 ng of
each primer, 200 puM deoxynucleoside triphosphates, lx Pfti
polymerase buffer, 2.5 U of Pfu polymerase (Stratagene), and
distilled water to 100 pI. The reaction mixture was overlaid
with paraffin oil, and the following thermocycling programs

were run: 95°C for 5 min and 55°C for 1 min for 1 cycle; 92°C
for 2 min, 55°C for 2 min, and 72°C for 2 min for 30 cycles; and
72°C for 10 min for 1 cycle. The primers used were 5'-GAC
GTCTAGAGGCTGGTGATAACGG-3' and 5'-ATCAAGC
TTGCCGGCTTCGGTACCC-3'. For the conventional PCR
step following the inverse PCR, the above conditions were used
with 10 ng of genomic DNA and the following primers: 5'-G
CGAATTFCCACATIFCCAGCATTlIlCATCCGTFG-3' and 5'-
CGCTGCAGAGATGCTAACCGAATlTllCAACCGG-3'.

Preparation of cDNA for expression studies. RNA was

prepared by the method of James et al. (13) and was precipi-
tated with LiCI. Poly(A)+ mRNA was prepared from this with
Dynal's Dynabeads mRNA extraction kit according to the
manufacturer's recommendations. cDNA was synthesized
from poly(A)+ mRNA according to the manufacturer's proto-
col with the Pharmacia first-strand cDNA synthesis kit.

Design of PCR primers for expression studies. Criteria for
the design of gene-specific primer pairs for the cbhIl, cbhl.2
(28), and cbhII genes of P. chrysosporium were those of Brooks
et al. (1). In each case, absolute specificity was confirmed by
restriction analysis of amplification products. Under the con-

ditions employed, only template DNA derived from clones
containing the specific gene sequence yielded such products.
The primer pairs used were 5'-ACAATGTTCCGCACTGCT
ACTT-3' (G36) and 5'-AGGGTGCCCGCGGAGGTGCC-3'
(G32) for cbhIl, 5'-CACTCCTCGCATTCACTTGTCT-3'
(G34) and 5'-CTGCCGGTCTCGGTCCAGTTGC-3' (G35)
for cbhl.2, and 5'-CCTCAGCCCTTACTACGC-3' (#29) and
5'-CCAATCTACCTCTACAGC-3' (#32) for cbhII.
PCR amplification for expression studies. Approximately 50

ng of cDNA was subjected to 30 cycles of amplification by the
PCR. In addition to template DNA, the amplification mixtures
contained (in a final volume of 100 pul) 2.5 U of Taq poly-
merase (Promega), lx Taq polymerase buffer, 100 puM each
deoxynucleoside triphosphate, and 100 ng of each of the
primers (see above). Annealing temperatures for the cbhl.l,
cbhl.2, and cbhII primer pairs were, respectively, 61, 61, and
550C.

RESULTS

Isolation and sequence analysis of a cDNA clone. Screening
of the P. chrysosporium cDNA library with the T. reesei cbhII
gene probe resulted in the isolation of two clones, pC1.2.1 and
pC2.2.2, both containing a 1.5-kb insert. On the basis of
restriction analysis, it appeared that pC1.2.1 and pC2.2.2 were

very similar; partial sequencing confirmed this.
The nucleotide sequence of pC1.2.1 was determined and

found to contain an open reading frame of 1,380 bp capable of

coding for a protein of 460 amino acid residues (Fig. 1). The
extreme N-terminal portion of this putative protein sequence is
positively charged and is separated from the rest of the
molecule by a stretch of predominantly hydrophobic residues.
These are features typical of a signal peptide (34). The GC
content of the nucleotide sequence was 61.1%, which is in close
agreement with the calculated value of 59% for P. chrysospo-
rium genomic DNA (19). The codon usage within the open
reading frame is biased; only 5.4% of the codons used have A
at their third position. This usage is similar to but not as
marked as that seen with the cbhI genes from this organism
(27, 28).

Cellulases typically consist of three domains, a cellulose-
binding domain (CBD), a catalytic domain, and a hinge region
linking these two (9). Alignment of the polypeptide sequence
derived from the P. chrysosporium cbhII cDNA with the T.
reesei CBHII protein sequence shows that the domain struc-
ture of the latter is conserved, with the N-terminal CBD
separated from the C-terminal catalytic domain by a hinge
region. The latter appears to be duplicated by comparison with
that seen in the corresponding CBHI proteins (27-29) but is
typically rich in serine and threonine residues. It is therefore
likely that these residues are 0-glycosylated, as in the case of
the T. reesei protein (23).
The highest degree of similarity between the two CBHII

proteins is seen within the CBD regions (65% identity), and
although the overall relationship between the CBHI and
CBHII proteins from the two fungi is not very close, the CBD
regions from both classes of protein show a high level of
similarity (Fig. 2A). This is in agreement with previous obser-
vations that such domains are conserved among the cellulases
of both the same and different fungal species (31). The
equivalent domains within bacterial cellulases have been
shown to be related to each other but are quite different, both
in terms of sequence and length, from those seen within the
fungal enzymes (9).
The catalytic domains of the P. chrysosporium and T. reesei

CBHII proteins are also clearly related. Moreover, in this case,
a significant relationship can also be seen if the comparison is
extended to include some bacterial cellulases (Fig. 2B). These
particular bacterial proteins as well as the T. reesei CBHII are
members of the f-1, 4-glucanase family (9, 12), and we there-
fore suggest that the P. chrysosporium protein should also be
considered a member of this class of cellulase.

Isolation and analysis of the cbhII genomic sequence by
inverse PCR. Southern blot analysis revealed that a PstI
restriction fragment within the genome was likely to contain
the entire cbhII gene (Fig. 3, lane A). The genomic cbhII
sequence was therefore isolated by the inverse PCR method of
Ochman et al. (16). Two reverse PCR primers were designed
so that after they were hybridized to the coding region of the
cbhII sequence, they pointed out from the center of the gene.
These primers included restriction sites for XbaI and HindlIl
which were introduced at their 5' ends to facilitate cloning of
the fragments produced.
The inverse PCR resulted in the amplification of a 1.1-kb

fragment. This was digested with PstI, and the two resulting
fragments were cloned into pUC18. The nucleotide sequences
of the inserts immediately adjacent to the PstI sites were
determined so that the design of primers that would them-
selves promote amplification of a region containing the com-
plete cbhII genomic sequence via a further round of conven-
tional PCR would be possible. In this way, a 2.3-kb PCR
product was isolated and cloned into pUC18. This was se-
quenced by the use of synthetic oligonucleotides which were
designed for the sequencing of the cDNA clone and which
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FIG. 1. The complete nucleotide sequence of the cbhII gene of P. chrysosporium ME446. The sequences determined from the different genomic
clones fell into two classes designated type 1 and type 2. These show a total of seven base pair differences between them, five in the coding region
and two in the introns. The sequence presented is that of a type 2 variant and contains data derived from the analysis of both genomic (pES5, pES6,
pEB1, pEB4, pESAI, and pGCBH2H) and cDNA (pC2.2.2) clones. The 5' and 3' extents of the data derived from the cDNA clone are indicated
by the upward-pointing arrowheads below the nucleotide sequence. Base pair differences between this sequence and the type 1 sequence (typified
by clones pES1 and pC1.2.1 [genomic and cDNA clones, respectively]) are indicated by the alternative bases at the appropriate positions beneath
the type 2 nucleotide sequence. In the single instance in which such a change introduces an amino acid alteration, this is indicated by the residue
located above the amino acid sequence at position 131. The single alteration of a nucleotide and the consequent amino acid change that results
from the conflict between the type 1 cDNA and genomic sequences are similarly indicated, but in this instance, the variant base and residue are
shown in parentheses. Intron sequences are indicated by lower-case letters. The approximate limits of the domains recognized within the protein
sequence (signal peptide, CBD, hinge region, and catalytic region from the N terminus to the C terminus) are indicated by the downward-pointing
arrowheads above the amino acid sequence. The BamHI site at position 496 which was used in the production of the cbhII-specific probe is
underlined.

were used in addition to the universal primer. Three full-length
clones and five subclones were sequenced to allow for the
possibility of misincorporation errors during the PCRs (7).
Comparison of the genomic and cDNA sequences shows

that the coding region of the gene is interrupted by six
intervening sequences (Fig. 1). These are located at different
positions from those seen within the equivalent T. reesei gene.
In all cases, the P. chrysosporium introns contain sequences
conforming to consensus 5' and 3' splice and lariat sites and
are of the characteristically small size found in filamentous
fungal genes (11).
Comparison of the sequences from the various genomic

clones revealed that there were two classes of sequence
(designated type 1 and type 2) showing five base pair differ-
ences between them in the coding regions of the genes and an
additional two changes in two of the introns (Fig. 1). Only one
of the changes in the coding region of the sequence results in
an amino acid substitution (threonine replaced with methio-
nine at position 131); the other four are silent changes.
Comparison of the cDNA sequence of pC1.2.1 and that of the
relevant regions in pC2.2.2 revealed that these clones were also
divided between the same two classes. In addition, clone
pC1.2.1 shows one base pair difference from its likely genomic
equivalent which would result in an amino acid substitution

GACTTGTTCTCTGgtgcgtcgctcttcagcgcgacgggtcaacagcaactgacgttactttacagCCGGACGCTGCACAGCCCGCTCCTGAGGCCGGTAC
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FIG. 2. Comparison of cellulase amino acid sequences. The alignments presented were generated with the Clustal V program, and the output
was enhanced with Boxshade. Positions at which an identical residue is present in all sequences are indicated by * in the consensus, whereas #
indicates those positions at which similar but not identical residues are present. The numbers indicate the positions at which the first residue
presented here occurs in the corresponding protein sequence. (A) Comparison of fungal cellulose-binding domains. Enzyme designations are given
at the left of the figure. They are preceded by either Pc or Tr to define the source organism as either P. chrysosporium or T. reesei, respectively.
(B) Comparison of the P. chrysosporium CBHII catalytic domain with those from members of family B of the ,B-1, 4-glucanases. Enzyme names
are as follows: CasA, Streptomyces strain KSM-9 endoglucanase; CenA, Cellulomonas fimi endoglucanase; CelA, Microbispora bispora
endoglucanase; E2, Thermomonospora fusca endoglucanase; Tr, T. reesei exocellobiohydrolase II; Pc, P. chrysosponium exocellobiohydrolase II.

(serine replaced by phenylalanine at position 85). This may
have been the result of a nucleotide misincorporation during
PCR. However, only one genomic clone of this class was
analyzed, so it was not possible to confirm that this was the

case. P. chrysosporium is a dikaryon in which two genome
equivalents show restriction fragment length polymorphism
differences (21, 22). The two classes of clone described above
are thus likely to be allelic variants. However, none of the base
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FIG. 3. Southern hybridization analysis of P. chrysosporium geno-
mic DNA. Aliquots (2p,g) of P. chrysosporium genomic DNA were
digested with each of the following restriction enzymes: PstI, HindIIl,
EcoRI, and BamHI (lanes A to D, respectively). The resulting frag-
ments were fractionated by agarose gel electrophoresis and then
transferred to nitrocellulose for hybridization. The probe used was a
1.0-kb BamHI DNA fragment from clone pC1.2.1. This was generated
by digestion at the site located at position 496 (Fig. 1) and a site
downstream of the coding region which is derived from the vector's
polylinker. The fragment thus produced codes for the catalytic domain
and hinge region of the cbhII gene. The numbers to the right of the
figure indicate the positions and sizes in kilobases of lambda DNA
digested with EcoRI-HindIlI that was used as a molecular weight
marker.

pair changes altered or introduced a restriction site, so it was
not possible to visualize restriction fragment length polymor-
phisms via Southern blotting. The identification of two cDNA
clones apparently equivalent to the two genomic homologs
shows that both alleles of the cbhII gene are probably ex-
pressed.

Is the P. chrysosporium cbhII gene part of a gene family?
Studies of the cbhI genes in P. chrysosporium have shown that
these form a family of closely related genes (5, 6, 28). To test
if this was also the case for cbhII, an experiment was carried
out under hybridization conditions identical to those that
reveal the presence of the cbhI family when a cbhI-specific
probe is used. Thus, genomic DNA was digested with six
restriction enzymes for which no sites were present within the
cbhII gene sequence, and under conditions identical to those
used for cbhI, this was hybridized to the 1.0-kb fragment
produced by BamHI digestion of the pC1.2.1 insert (Fig. 1).
This fragment contains the entire coding region of cbhII except
for the N-terminal portion encoding the CBD and hence does
not cross-hybridize to other non-cbhII cellulase genes. The
autoradiograph obtained (Fig. 3) reveals that hybridization of
the cbhII gene occurred to only one fragment in each of the
restriction digests, with the exception of the EcoRI digest. The
extra band that is visible in this track (Fig. 3, lane C) is due to
incomplete digestion of the genomic DNA. Additional geno-
mic DNA digests (PvuI, SacI, and XbaI) probed with the same
BamHI DNA fragment also revealed only a single hybridizing
fragment (result not shown). We therefore have no evidence
for the existence of multiple copies of cbhII-like genes in the
genome of P. chrysosporium ME446.
PCR analysis of cbh gene expression. Previous reports have

described the existence of a cbhI-like family in P. chrysospo-
rium. In contrast, the data presented above provide evidence
for the occurrence of only a single cbhII gene (Fig. 3). The
reasons for the complexity of the cellulolytic system in this
organism are unclear and beg the question of whether all of the

genes involved are coordinately regulated or whether expres-
sion is dependent on the substrate used.
PCR was used in an earlier study to analyze the expression

of closely related lignin peroxidase genes (1). Low levels of
gene expression could be detected because of the greater
sensitivity of this technique when compared with that of
Northern (RNA) analysis. In order to carry out a similar study
on the cellulase system, primer pairs specific for the cbhl.l,
cbhL.2, and cbhII genes were designed to generate an amplifi-
cation product that spanned at least one intron. This allows
products derived from both cDNA and contaminating genomic
DNA (gDNA) to be differentiated on the basis of size (Fig.
4A).
PCR with these primers was performed on cDNA popula-

tions prepared from mycelium grown on a number of carbon
sources (Fig. 4B). In agreement with previous observations (27,
28), the cbhI genes were not expressed in the presence of
glucose, which served as the sole carbon source. The same
repressive effect of glucose was also seen in the case of the
cbhII gene. However, all three genes were expressed on Avicel
(microcrystalline cellulose), BMS (lignocellulose), and cellobi-
ose and, interestingly, in the presence of carboxymethyl cellu-
lose. The last is typically thought of as an endoglucanase
substrate but clearly induces expression of all three of the
exoglucanase-like genes examined here. Oat spelt arabinoxylan
was the only substrate that elicited a differential pattern of
expression, with cbhII being the only gene examined that was
expressed on this carbon source. When such expression was
followed over time (from days 3 to 6 after inoculation; Fig. 4C),
cbhII was found to be strongly expressed throughout the
period studied. No such expression was detected for the cbhI
class of genes.

DISCUSSION

The data described above suggest that P. chrysosporium
contains a single gene which codes for CBHII and which is
present in two allelic forms within the heterokaryotic strain
ME446. This is in strong contrast to the situation found for
genes coding for CBHI activity, which in this fungus is coded
for by a family of at least six closely related, nonallelic genes (5,
6, 28) producing at least two discrete proteins (32).
The ME446 cbhII gene codes for a protein of 460 amino acid

residues with a calculated molecular weight of 48,479. The
equivalent T. reesei enzyme consists of 471 residues with a
calculated molecular weight of 49,653 (29). Uzcategui et al.
(32) have shown by protein sequencing that the CBHII of P.
chrysosporium K3 contains a region of amino acid sequence
that closely resembles a part of the T. reesei enzyme. However,
in terms of amino acid sequence, the equivalent region derived
from the ME446 gene is markedly different from that found for
the protein isolated from strain K3, although the overall
molecular masses and amino acid compositions of the enzymes
from the two strains are very similar. Since we have been
unable to find any evidence for the existence of multiple cbhII
genes within the genome of strain ME446, it seems that at least
some regions of the CBHII molecule may thus show significant
strain-to-strain variation.
Rouvinen et al. (23) determined the three-dimensional

structure of the catalytic domain of T. reesei CBHII by X-ray
crystallography. The active site was shown to be tunnel-shaped
and to contain four separate binding sites for glycosyl units.
Two aspartate residues, Asp-199 and Asp-245 (preprotein
numbering), were proposed to be the catalytic residues; we
note that the equivalent residues (191 and 237) are conserved
in the P. chrysosporium sequence. Moreover, four cysteine
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FIG. 4. PCR analysis of P. chrysosporium cellulase gene expression. (A) Diagrammatic representation of each of the cbhl.J, cbhI.2, and cbhII
genomic sequences. Exons are represented by the thick lines, and introns and flanking sequences are represented by the thin lines. The arrows

indicate the positions at which the PCR primers used in these analyses anneal to their target genes. The identity of each oligonucleotide is indicated
above the corresponding arrow. The sizes of the amplification products expected from genomic- and cDNA-derived templates are given to the right
of each diagram. (B) PCR amplification products generated with primer pairs specific for cbhL.I (upper panel), cbhl.2 (middle panel), and cbhII
(lower panel). Templates used were P. chrysosporium gDNA (lane 2), the corresponding cloned cDNA sequence (lane 3) and cDNA populations
prepared from mycelium grown on BMS (lane 4), Avicel (lane 5), cellobiose (lane 6), xylan (lane 7), carboxymethyl cellulose (lane 8), and glucose
(lane 9). Lambda DNA digested with EcoRI-HindIII was used as a size marker (lane 1), and the sizes (in kilobases) of the marker fragments closest
in size to the amplification products are given to the left of each panel. (C) PCR amplification products generated with primer pairs specific for
cbhL.J (lanes 2 to 5), cbhL.2 (lanes 6 to 9), and cbhII (lanes 10 to 13). Templates used were cDNA populations prepared from mycelium grown on

xylan for 3 days (lanes 2, 6, and 10), 4 days (lanes 3, 7, and 11), 5 days (lanes 4, 8, and 12), and 6 days (lanes 5, 9, and 13) after inoculation. The
PCR products generated with the primer pairs specific for cbhl.l (lanes 2 to 5) and cbhl.2 (lanes 6 to 9) have sizes expected for those derived from
gDNA templates (980 and 720 bp, respectively). In contrast, the products generated from the cbhII-specific primers (lanes 10 to 13) have sizes
expected for products from cDNA templates. cbhII gDNA is also present in these cDNA preparations but is excluded from the amplification
reactions by competition from the significantly larger amount of the equivalent cDNA. This results in a much reduced but sometimes visible gDNA
product (see lanes 12 and 13). Size markers (lane 1) were as for panel B.

residues that form two disulfide bridges (from residues 200 to
259 and 392 to 439) within the T. reesei molecule are also
conserved in P. chrysosponium (positions 192, 251, 382, and
429). Therefore, the structures and thus the catalytic mecha-
nisms of the two proteins are likely to be very similar. In
addition, we have already noted that comparison of amino acid
compositions of the catalytic domains of known cellulases
identifies the P. chrysosponum CBHII as a new member of the
B family of 3-1, 4-glycanases (9, 12).

In the case of the P. chrysosporium cbhl.2 gene, comparison
of genomic and cDNA copies revealed that an intron at the 3'
end of the gene was not always excised (28). Because this
intron does not contain an in-frame stop codon, translation of
such an unspliced transcript would result in a protein product
with a significantly altered C terminus. The equivalent intron in
the cbhIl gene also lacks a stop codon, raising the possibility
that differential splicing may occur in this gene as well (27).
The second intron in the cbhII gene is located near the border
of the hinge region and the catalytic domain and does not
contain a stop codon, and moreover, translation through this
sequence would maintain the correct reading frame of the
subsequent exons. Differential splicing of this intron resulting
in the addition of a 17-amino-acid insert that is serine rich
would therefore also be possible and could therefore extend
the hinge region of the enzyme, increasing the distance be-
tween the CBD and the catalytic domain. In the two cDNA
clones (pC1.2.1 and pC2.2.2) that were isolated, this intron was
excised; more cDNA clones would have to be sequenced to

determine whether nonexcision of this intron does in fact
occur.
PCR analysis of the expression of cbhIl, cbhL.2, and cbhII

revealed that, for all three genes, transcription is repressed
when glucose is the sole carbon source. The substrates Avicel,
BMS, cellobiose, and carboxymethyl cellulose, however, elic-
ited expression of these genes. Expression of the cbhII gene on
the last substrate is perhaps surprising, since activity against
carboxymethyl cellulose is generally thought to be diagnostic of
endoglucanases. Enzymes with such activity have previously
been shown to be among the cellulase repertoire of P. chryso-
sporium (8). However, we have been consistently unable to
detect DNA sequences within the P. chrysosponium genome
that are related to the endoglucanase genes of T. reesei. It has
been noted before (32) that the product of the cbhLl gene in
P. chrysosporium K3 does have significant carboxymethyl cel-
lulase activity, and we have previously suggested that the
multiple cbhI-like sequences in this organism might code for
endoglucanase as well as exoglucanase activities (28).
The cbhII gene of P. chrysosporium was the only cbh gene

among those investigated to be expressed when mycelium was

grown on xylan. It is possible that this gene is coordinately
regulated with the xylanase genes. This is plausible on two
counts. On one hand, the two substrates xylan and cellulose
occur in intimate association in nature, and thus it might well
be efficient for genes coding for enzymes effecting their
degradation to be expressed together. On the other hand, it
has been clearly demonstrated that both xylanase and cellulase
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genes have evolved from common ancestors by domain shuf-
fling (9). It is therefore possible that elements responsible for
the regulation of these genes might also have been derived
from a common source.

Further work will be needed to characterize the mechanism
of action of the cbhII gene product via heterologous expression
and to investigate whether its unique feature among the cbh
genes of expression on xylan is indeed a reflection of an active
role within the xylanolytic system of P. chrysosporium.
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