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ABSTRACT

A cbbl cellobiohydrolase gene was cloned and sequenced from the fungus Trichoderma harzianum FP108. The
cloning was performed by PCR amplification of 7. barzianum genomic DNA, using PCR primers whose sequence was
based on the cbbl gene from Trichoderma reesei. The 3 end of the gene was isolated by inverse PCR; attempts to

" clone regions upstream of the 5’ end of the gene were unsuccessful.

Sequence comparisons suggest that this gene is

closely related to cbbl genes from other Trichoderma species. In particular, all catalytically important amino acids in
the protein sequence deduced from the T. barzianum cbhl gene are conserved between species.

INTRODUCTION

Cellulose degradation by fungi has been an area of
intense research interest (for example, Anu et al.,, 1991;
Warren, 1996). One focus of this research has been
the development of fungal strains that more efficiently
convert cellulose to glucose for use in ethanol
production. The conversion of cellulose to glucose by
fungi requires the action of several enzymes. These
include cellobiohydrolases that release cellobiose (two
glucose - units) from the nonreducing end of the
cellulose chain (Shoemaker, et al, 1983), endo-
glucanases that cut internal B-1,4-glucosidic bonds in
native cellulose (Teer, et al., 1987), and B-glucosidases
that hydrolyze cellobiose to glucose (Fig. 1).

We had previously isolated a fungus with
cellulolytic activity from a reed sedge peat bog in
Northern Minnesota.. This organism was identified as
Trichoderma barzianum (Chang and Gu, unpub-
lished) and designated: T. barzianum FP108. Initially,
we compared the cellulolytic activity of this fungus
with a well-studied cellulolytic fungus, Trichoderma
reesei (for example, Abuja, et al., 1988). Compared to
T. reesei, T. harzianum FP108 had. higher levels of B-
glucosidase activity but lower levels of endoglucanase
activity and less overall cellulolytic activity (Chang and
Gu, unpublished). To help determine if the lesser
cellulolytic activity in 7. barzianum was due to
differences in the sequence of cellobiohydrolase
genes, we cloned and sequenced a cellobiohydrolase
gene from: T. barzianum. Comparison of ‘that
- sequence with previously -published sequences of the
T. reesei cbhl gene and the T wiride c¢bbl gene
indicated these genes are closely related and likely
encode . proteins with similar . enzymatic - activity.

Therefore, some factor other-than_Ce_llobiohydrolase I

activity probably accounts for the differences in
cellulolytic  activity between T. reesei and T
barzianum.
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Figure 1. Fungal degradzt:on of celluiose Endoglucanases _
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hydrolyze cellulose molecules at random sites along the 7777

polymer to produce. shozter molecules of varicus lengths.
B-glucosidases hydrolyze the B-1,4 bonds in cellobiose 10
produce glucose.’ Cel!ob:ohydrolases (exoglucanases) :
release cellobiose from the ends of cellulose molecules. In
T, reesei, the cellobiohydrolase CBHI sepirntes one
cetlulose chain at a time from cellulose and hydrolyzes it.

~ CBHII acts, at one tip_of ‘the cellulose crystal (diagram '
. based in parnt on Nicietzky et-al, 1994; Divnie et al.,‘ 1994).
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MATERIALS AND METHODS

Genomic DNA Isolatiorr Genomic DNA was
isolated from 7. harzianum FPIOR using the
procedures of Raeder and Broda (19857,

PCE  amplification and cloning of the T
harzianum cbh] gena 100 1o 200 ng of genomic T
barzigriim DNA was used in a 50 uLl PCR reaction
with 2.5 units of 7ug DNA polymerase (Perkin-Elmer,
Foster City, CAY 2.5 mM MgCl,, 25 pmoles of each
primer, 200 M each deoxynuclecotde triphosphate
aned 1 X PCR buffer (50 mM KCl and 10 mM Tris-HCL,
pH 8.3). PCR was performed in a Perkin Elmer Model
480 thermocycier (Foster City, CAY for 35 cydles of 94°
C for 30 sec., 307 C for 30 sec., and 72" C for 90 sec.

Both primers used in the PCR reaction included
restriction enzyme sites to facilitate cloning, and were
based on the 7. reesei chbbl gene sequence
(Shoemaker, et al,, 1983). The primer sequences were:

Upstream primer

FAAACTCCAGTCGACGTCATATGTATCGGAAGT
TGGCCGTC-)

Downstream primer

SGCGICTAGATTACAGGCACTGAGAGTAGTA-3

The underlined sequence in the upstream primer
represents the transladonal stant codon in the T, reeses
gene. The undetlined sequence in the downstream
primer represents the transhational stop codon inthe T,
reesef gene, The talicized sequence in the upstream
primer indicates a P restriction enzyme site used for
cloning; the italicized sequence in the downstream
primer indicates a Xbal restriction enzyme site used for
cloning.

The PCR products were purified by ubtaafiltration
{(Millipore  Ulrafree, Millipore, Bedford, MA) as
directed by the manufacturer. Purified PCR products
were digested with £581 and Xbal (these sites were in
the PCR primersy and run on 2 0.7 % TBE-agarose gel
containing 0.5 g mb! ethidium bromide. The
pBluesceptll KS plasmid (Stratagene, La Jolla, CA) was
also digested with Psd and Xbat and run on the same
gel. The PCR products and pBiuescript plasmid were
isolated by elecrrophoresis (0 NA45 DDEAE membrane
(Schieicher and Schuell, Keene, NH) and eluted from
the membrane in a buffered ammonium acetate
solution (Guilfoile and Hutchingon, 1991).

The eluted DNA was resuspended in 11 uL of
sterite distilted water and ligated with the addition of 3
ML 5X. ligase buffer and 1 pl T4 DNA ligase
{Gibeay/BRL, Gaithersburg, MD). The ligation reaction
was then incubated overnight at room tempematre, E.
coli DHSa cells (Gibco/BRL, Gaithersburg, MD) were
tansformed with 7 L of the ligation mixture, using
standard protocols, except that LB broth and LB agar

were used instead of SOC broth and . SOB agar
(Sambrook et al, 1989, p 1.82). Colonies contining

putative recombinant plasmids were grown overnight

in LB broth containing 150 pg k! ampicillin and
plasmid DNA was isolated by an alkaline lysis
procedure (Morelle, 1988). The DNA from recom-
binamt plasmids containing the putative cbbi gene
from 7. barzianum was prepared using a large-scale
column procedure (Qiagen Plasmid Midi kit, Qiagen,
Chatsworth, CA) for DNA sequencing.

PCR amplification and cloning of the 3’ end of the
cbh 1 gene The region of DNA downstream of the 3
end of the cbbl gene was amplified by inverse PCR
{Ochman, et al,, 1990). Genomic 7. barzianum DNA
was digestedd with  $4u3A overpight at room
wemperature, precipitated  with  isopropanol and
ammonium acetate, and resuspended in TE. About
250 ng (1 ul) of digested DNA was added to 10 pL of
5X ligase buffer, 38 UL of sterile distilled water, and 1
HL T4 DNA ligase. The ligation mixture was then
incubated overnight at room temperature.  The PCR
conditions were as described above except that the
third pan of each cycle was held for 2 min. The
primers used were:

Upstream; SCCAGTCAGTAATGTAATAG-¥

Downstream: 5 ACTCCAAGGTTATCTACT-3

These primers were chosen because they are
located 3 to the last Sar3A site in the ¢hbl gene, The
upstream and downstream primers are complementary
1o opposite DNA strands, and they are oriented in
such a way that they will amplify the entire region
between the last SaudA site in the cbbl gene and the
fiest Sau3A site in the DNA located 3 to the cbbl
gene, _

Purified PCR product (5 ul containing about 500
pg was added to $ pl (about 300 pg) of pUCES that
had been digested with Smal. Then, 3 gL of 5X ligase
buffer, 1pl. of T4 DNA ligase and 1pL of Smal were
added {(to cleave plasmids that self-ligated) and the
reaction mixture was incubated overnight.
Transformation and plasmid isolation was as described
above for the cbbl gene. Despite numerous attempis,
we were unable to clone the region upsiream of the 5
end of the gene by inverse PCR or other methods.

DNA sequencing and analysis  Plasmids were
sequenced by the dideoxy terminator method with
Sequenase 2.0 (Amersham, Adington Heights, 1) as
directed by the manufacturer. At least two indepen-
dent PCR products were sequenced from each region
of the gene. The DNA sequences were analyzed using
the software programs EDITSEQ, MAPDRAW, and
MEGALIGN (DNASTAR, Madison, WT). '

RESULTS R |
' “The PCR amplification of T. barzianum genomic R
‘DNA with the cbhl primer set described above = .

produced a DNA fragment of about 1600 bp, the size

expected based on the previously. published T: reesei

DNA sequence (Shoemaker, et al., 1983, Fig: 2a). This
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Figure 2. PCR products used for sequencing the cbh?
gene from 7. barzianum. (A) the PCR product of the entire
cbhl1 gene. Lane 1, A Hindill DNA marker. Lane 2, PCR
product. The arrow indicates the PCR product in lane 2 that
was cloned and sequenced. The numbers to the left of the
photograph indicate the size of the DNA fragments (in bp)
in the marker DNA. (B) The PCR product of the 3’ end of
the cbbhl gene and downstream regions. Lzne 1, PCR
product. Lane 2, A BsEEXl DNA marker. The arrow indicates
the PCR product in lane 1 that was cloned and sequenced.
‘The numbers to the right of the photograph indicate the
size of DNA fragments (in bp) in the marker DNA.

DNA fragment was cloned into the pBluescript
plasmid and sequenced (Fig. 2b). Inverse PCR
produced a 600 bp product of the region beyond the
3" end of the gene. This PCR fragment was cloned into
pUC1? and sequenced as well (Fig. 2b) .

Sequence comparison with the cbh1 gene from T.
reesei and T, viride (Cheng et al., 1990) suggested that
the genomic T. barzianum cbhl DNA contains 2

introns (Fig. 3). The intron sequences were poorly -

conserved between the cbhl genes of the three
species (Table 1). In contrast, the coding regions of the
three genes are highly conserved (Table 1),-and many
of the DNA substitutions resulted in conservative
amino acid replacements. (Fig. -4). Of particular

importance, the catalytically active regions of the .
.cellobiohydrolase-1 proteins from the three species .

were highly conserved. . Three acidic residues required
for catalysis (Glu?®, Asp#! and Glu?3; Divie et al.,

1994) are present in all three celiobichydrolase-1-

proteins (Fig. 4). Also, 23 cysteines, at least ten of

which form disulfide bridges necessary for proper -

structure of the enzyme, are present in all three
deduced enzyme sequences (Divne et al., 1994; Fig. 4).

Table 1. Comparison of the DNA sequences of
the deduced cbb1 introns and deduced cbby
coding regions from Trichoderma barzianum,
T. reesei and T. viride.

Identity of Sequencest

Comparison Exon Intron
. %

T. barzianum: T. Reesei 80 25

T. barzianum: T. viride 80 27

T. Reesei: T. viride 94 39

{ DNA sequences were aligned by the Clustal method in
the program MEGALIGN (DNASTAR, Madison, WID.
Putative exons for the T barzianum cbhl gene were
determined by comparison with the 7- reeseiand 7. viride
DNA sequences (Shoemaker et al,, 1983; Cheng et al.,
1990). Intron sequences were determined by comparison
with the published T. reesei sequence (Shoemaker et al.,
1983) and the “GT-AG rule’(Lewin, 1997), where the
sequence “GT” is found at the 3" end of the intron and the
sequence “AG” is found at the 3" end of the intron.

DIscuUssION

Differences in cellulolytic activity between Fungal
strains and species may be due to a number of factors
including differences in enzymatic activity, differences
in regulation: of enzymatic synthesis, and the presence
or absence of other enzymes required for bio-
degradation of cellulose. Our work suggests that the
difference in cellulolytic activity between =T
barzianum and T reesei is probably not due 10
differences in the enzymatic activity of the cbb1 genes,
but rather, may be the result of differences in gene
regulation or the presence or absence of cbh2,
endoglucanase, or B-glucosidase genes, Future work
on cloning the region upstream of the T. harzignum
cbhl gene may help reveal potential regulatory
controls. _ ' o

As more becomes known -about” cellulose
degradation by fungi, prospects should improve for
the genetic engineering of fungal strains that more
efficiently degrade  cellulose. For example, fungal
strains which produce optimal levels of each of the

«cellulolytic enzymes, or which ase directly capable of

converting glucose to ethanol ‘may. more efficientty

- bioconvert cellulose, This, in tum, may contribute 12

substantial reduction in the costs of producing ethanol
via fermentation. . - B '
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ETGYATCGGAAG"GGECCTC"CTCSGCCTTCCTBC{:TGCTGC TCGTGC?CM‘;EAGGTETEEACCCIAEAAGCAGAGACTCMZCCACCICTBAC-ITGGC w00

———————————
Het Ty g tys Leu Mo Yol lle Ser Ala Pha Lay Ao Ko Ao Arg Alo Gin Gin Yol Cys Thre Gin Gin Al Ghy The His Pro Pro Leu Te Trp
ABAMTGCAEAGCTTCCGGTTCCACACCTCMCAAGCTTCTGrGGTTETTGATGCAAACECGEGTTCGAETCACGATACEAAGAGCACC.,CCMCTGCTQ

Gin Lys Cys Thr Mo Ser Gly Cys T Pro Gin Glin Gy Ser Yol Yol Leu Asp Alo Asn Trp Acg Trp Tw Hig Agp Thr Lys Ser Thr Thr Asn Oys Tyr
CGATGGCAACACC1'BGABETCMCC'ITBTBCCCCGACBAYGCGACT!’GTGCCAAG.IACTGTTGTTTGGATBGAGCCMCTACTCGGGtAETTAtSGAGTE

Asp Cly Asn The Trp Ser Ser Thr Ley Cys Pro Asp Asp Ao The Oys Ala Lys Asn Cys Cys Lew Asp Sty A Asn Ty S Gly Tor Tyr Gly Vol
ACCACCAGCOBEGACGETC TCACCC TTCAATTFGTTACT QLG T COAATRTCEGETCCCRTCTTTALTTEATOGCARATGAT TCTACCTACCAGTAGT 1A

Thr T Ser Gly Asp Mo Lau T Leu Gin Phe Vol The Al Ser Asn Yol BhrSu'kgLenTyrthlhlmlspSrﬁrTyrBhﬂuPhe

CGCTCTCTGGCAATGAGTIETCCTF'IGACGTTGA‘I'GTTYCCCAAtTGCCGTAABl'AATCACAATCTAACATCACAGI’?GGT TTCACAGTTCGCGGACTAA 2 00

—

The Lew Ser Giy Asn Gk Phe Ser Phe Asp Vol Asp Yol Ser Gin LeuPro

ATAATTBC?AGTTGTGGCTTGAACGGABCGCTGTAC TTCETYTCCATGG‘I\CGCCGATGETGGCtAﬁAGt.}AGTICCCCGECAATGCTGCCRGTGECMAI 00

I Cys Giy.Lew Asn Gly Mo Lsu Tyr Phe Vol Ser Mot Asp Mo Asp Gly Gly Gin Ser Lys Tyr Pro Gly Asn Na Na Gly No Lys

AC CGCACAGGTTACTGTGACAGCCAGTGCCCT!‘.BTGACCTBAAGTTCATCAACGBfCAGECCAACI‘."I'TGAGGBTYBGG.IGCCATCTTCCMCAACGCCM 100

Tor Gy v Gy Tyr Cys Asp Sor Gin Lys Pro Avg Asp Loy Lys Pha Tle Aon ©y Gin Ao Asn Yob GAr Gly Trp Gl Pro Sec Sor Asn At Alo Asn

CACTGG'IG'I'EGGTBGECAC?GAAGCTGCT?C‘FCCGAGATEBATATCIGGBACGCAMACTECATT?CTGA?BCTCTTAC‘IECTCICCCTTFCGAMTBTI‘: 500

Thr Gly Yol Cly Gly s Gly Ser (ys Gys Ser Giu Met Asp Jie Trp Gl Ala Asn Ser fle Sor Bl Mo Leu Thr Pro His Pro Oys G The Wl

GGCCAQACG.ETBTBCAG!GGCGATTCTTGCGGTGBAACI’IACTCCMTGecCGM'ATBG!GGCACCTGCG»ICCCTGATGECTGEGAETGEAACCCATAC_E %00

Gy i Thr Het Cys See Gly Asp Ber Cys Gly Gly Thr Fyr Ser Asn Asp Arg Tyr Gy Gly Thr Cys Asp Pro Asp Gly Cys Asp Trp Asn Pro Tyr

GTETGGGCAQCACETCCTT!I: TACBBACCCEG!TCATCAYTCGCTCTTCAEACCACCAAI:.EMT'I'BA\‘.I:G1:TGTGRCCCAETTCGCCACC?ACGG‘FTCMT 1000

Ay Lu iy Asn The Sor Fhe Tyr Gly Pro Cly Ser Ser Phe Ala Lew Asp Tiw The Lya Lys Lau The Yot Vol The Gin Pha Ale The Asp Oy Ser lle

‘I'ABCCBATA?TA‘I’GTCCAGAATGGlmCA»_\G]’TCCIGCA(_;CCCAACGETCAAG‘ICGGCA?C TAC‘I’CTGGEAM:MGATC&ACACEGACTACTGTGCAGC_I 1100

Sor Arg Tyr Tyr Vol G Asn Gly ‘Yol Lys Phe Gin Gin Pro Asn Mo Gin Vol Gly Ser Tyr Sor Gly s T ile Asn The Asp Tyr Cys Mo Mo

GAGCAEACAGC:T?I.'GGCGGAACCTCATTCACAI‘ACAAGGBC_GGCCT?GCCCAGATCM{E‘ABGCATTCCAGGBEGGM‘!’GCTCTTGGTCATGIGCTTGT i

©hu Gin The Az Pha Gy Gly The Ser Phe The Asp ly's Gy Gly Lew Al Gin Je Asn Lys Ko Phe Cla Gly Gly Met Yol Leu Yol Het Ser Lew

RGGATI:ATCTBAM’TTACMtA‘FATAGYTGATATGA‘I’TYCTATTACATFACTGMTGGI"I’CACBEAGTACGCGGTCAACATGCT YTCBTTGGM'TCEACC 1300

Trp Asp Aspl ".‘yrlbﬁ.lliguTranuAspSorThr

TACCCAACAAACGLCACTGE TTCCACCEC!GEEGCCAAGCEABGMGCISCTCTACCAGCTC‘l.'GBTGTYCCCGCCCAAGTCGAAGCTCAGTCACCCAACT 1

¥r Pro Toe Asn A The Alg Ser The Pro Gy mmmmwms«mwwwummmu Gl Alo Ch Ser Pro Asn

CCAAGGTI’ATCTAC1'ECMC.I'I’CCGETTCBGACCCATTGGCAGCACTGGTGBCAACACTGGCAGCMECCTCECGGI‘.‘ltTTEAACCACTCGGGCTCCTCC 1500

Ser Lys Vol lie Tyr Ser Asn lis Arg Phe Gy Pro fle Gy Ser The Gly. Gy mmws—-mmmwms«mmwmmm :
GTCEAGCACTGEAACE TEECCCACEGCACCCAGACATACTACGECCAGTGTCATROANCTCOETEOACCCGACCTACCARATECGCTAGLERCTACALT

Ser Ser Thr Gy Ser Ser Pro Thre Ao Thr Gia The s Tyr Giy Gin Cy= Gly Gy The Giy Trp Thv Gly Pro The Arg Cys Ao Ser Giy. Tyr Thr

'I’GCtAGNT?TGAACCCATTCTACTCIEAETGCCICTM?GTGETTTBGFGBCGGCT TGAGATGTTAGRTTETAGATREAT TEYCTCATCTTCAACTA 1658

Cys ©in ¥ob Lou Asn Fro Pho Ty Ser §in Cyz Loy + }
A TE——————

Figure 3. Sequeénce of the cbhl gene from Trichoderma barzianum FP108. The first three nucleotides (ATG) are the putative
tranlational start codon. The TAA sequence in the last line with a dot undermeath is the putative translational stop codon. Introns
are set off with open bars below the intron sequence. The 3'UTR is represented with a dark bar. The inferred aminio acid
translation is given below the DNA sequence. The first 21 nucleoudes in the sequence were: denved from the PCR pnmer used

to amplify the DNA.
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Figure 4. Comparison of the deduced amino acid sequences from the T. reese, T, wiride, and T. barzianur FP108 chbl genes.
The top line is the deduced amino acid sequence of the T. reesei CBHI protein. The middle line is the deduced amino acid ..
sequence of the Twiride CBHI protein. The bowom line is the deduced amino acid sequence of the T harzianum FP108 CBHI
protein. The conserved catalytic amino acids and cysteines are in boid face. Places where the T. barzianum sequence differed
from the other two sequences (or lacked a conservative amino acid replacement; S = T, S = A, L = I = V) are indicated with a bar. .
The alignments were generated with the MEGALIGN program using the clustal method with the PAM 250 Residue Weight Table. "
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