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ABSTRACT _

A cbbl cellobiohydrolase gene was cloned and sequenced from the fungus Trichoderrna barzianum 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 Tricboderma reesei. The 3' end of the gene was isolated by inverse PCR; attempts to I ,.

done regions upstream of the 5' end of the gene were unsuccessful. Sequence comparisons sugge.st that this gene is _i__ _j

closely related to cbhl 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.

,kO_*

INTRODUCTION cellulolyticaCtivityprobablYactivityaCCountsbetweenfOrT.thereeseidifferenCeSandinz "_--
Cellulose degradation by fungi has been an area of

intense research interest (for example, Anu et al., 1991; barzianum. _"
Warren, 1996). One focus of this research has been

the development of fungal strains that more efficiently

convecellulosetogioooseforuseinethanol --%production. The conversion of cellulose to glucose by ..-._r-fungire u estheac.onofseve lenzymesThese ........ 0,o.
include cellobiohydrolases that release cellobiose (two __ ........-_.. -_k .-_. "__ _._ _.*" "- " _" " _" '-- " " "**' O"" t0_f0u_glucose units) from the nonreducing end of the ":..

cellulose chain (Shoemaker, et at., 1983). endo- .._.__._.__._L._- _©,,.,.,o _ ff t_

glucanases that cut internal _l,4-glucosidic bonds in o_ _ • D-
native cellulose (Teeri, et al., 1987), and _-glucosidases .... _X" _. _

that hydrolyze cellobiose to glucose (Fig. 1) ..... _ O
We had previously isolated a fungus with ..

cenulolytic activity from a reed sedge peat bog in

Northem" Minnesota. This organism was identified as ..... _,**. t_ L
Trichoderma barzianum (Chang and Gu, unpub- ,at._ toto

lished) and designated T. barzianumFPl08. Initially, _ _-"_.we compared the cellulolytic activity of this fungus

with a weU-smdied cellulolytic fungus, Tricboderma

reez;ef (for example, Abuja, et al., 1988). Compared to ,at*.,,._ _ i'_i

T. reesei, T. barzianum FP108 had higher levels of 13- __
glucosidase activity but lower levels of endoglucanase - _,_
activity and less overall (_etlulolytic activity (Chang and

Gu, unpublished). To help determine ff the lesser
cellulolytic activity in 7". loarzianum was due to Figure 1. Fungal degradation of cellulose Endoglucanase_

differences in the sequence of cellobiohydrolase hydrolyze cellulose molecules at random sites along the

genes, we cloned and sequenced a cellobiohydrolase polymer to produce shorter molecules of various lengths.
gene from Z barz'iamtm. Comparison of that _glucosidases hydrolyze the 1_-1,4 bonds in cellobiose to

sequence with previously published sequences of the produce glucose. Cellobiohydrolases (exoglucanases)release cellobiose from the ends of cellulose molecules. In

7". reesei cbbl gene and the T Mr/de cbbl gene 7_ reeset, the cellobiohydrolase CBHI separates one
indicated these genes are closely related and likely ceilulose chain at a time from cellulose and hydrolyzes it.
encode proteins with similar enzymatic activity. CBHII acts at one up of the cellulose crystal (diagram
Therefore, some factor other than Cellobiohydrolase I based in part on Nidetzky et al., 1994: Divne et al,, 1994).

*Contribution from the Dept. of Biology and the Center for Environmental Studies. Bemidji State Un v, 1500 BirChmont Dr.. NE,
Bemidji, MN 56601.
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MAT'£RU_.L,S AND ME_rHODS in LB broth containing 150 btg rnL _t ampicillin and

Genomic DNA lsolc_tior_ Genomic DNA was plasmid DNA was isolated by an alkaline lysis

isolated from T. harzianum FP108 using the procedure (blorelle, 1988). The DNA from recom-

procedures of Raeder and Broda (1985). binant plasmids conmlning the putative cbhl gene
PCR amplifica¢ion and cloning of the T from Z barzianum was prepared using a large-scale

barzianum cbhl gene. I00 to 200 ng of genomic T column procedure (Qiagen Ptasmid Midi kit, Qiagen,
barzia_um DNA was used i.n a 50 _.tL PCR reaction Chatsworth, CA) for DNA sequencing.

with 2.5 units of Taq DNA po[ymevase (Perkin*Elmer, PCR amplification and cloning of the 3 'end of the

Foster City, CA) 2.5 mbl MgC12, 25 pmoles of each ebb1 gen_ The region of DNA downstream of the 3'
primer, 200 _tM each deoxymaclecoride triphosphate end of the cbbl gene was amplified by inverse PCR
artd l X PCR buffer (50 rruMKCI and 10 rmM Tris-FlCl, (Ochman, et al., 1990). Genomic T bar2:ianum DNA

pH 8.3). P(;R was performed in a Perkin Elmer Model was digested with Sau3A overnight at room
480 thermocTcler (Foster CiW, CA) for 35 cycles of 94" tetnperature, precipitated with isopropanol and
C for 30 see., 50" C for 30 see., and 72" C for 90 sec. ammonium acetate, and resuspended in TE. Atx)ut

Both primers used in the PCR reaction included 250 ng (I IlL) of digested DNA was added to 10 IlL of
restriction enzyme sites to facilitate c|oning, and were 5X ligase buffer, 38 btL of sterile distilled water, and I

based on tile 7'. reesei cbbl gene sequence giL T4 DNA ligase. The ligation mixture was then

(Shoemaker, et at., 1983). The primer sequences were: incubated ovemigtlt at room temperature. The PCR
Upstream primer conditions were as described above except that the
5'AAACI_CAGFCGACGTCATA.T_TATCGGAAGT third part of each cycle was held for 2 min. The

TGGCCGTC-3' primers used were:

Downstream primer Upstream: 5'CCAGTCAG'FAATGTAATAG- 3'
5'GCG TCFAGA_CAGGCACTGAGAGTAGTA-3' Downstream: 5'ACTCCAAGG1TATCTACT-3'

The underlined sequence in the upstream primer These primers were chosen because they are
represents the translational start codon in the T, reesei located 3' to the last Sau3A site in the cbbl gene. The

gene. The underlined sequence ill tile downstream upstream and downstream primers are complementary
primer represents the translational stop c0don in the T to opposite DNA strands, and they are oriented in
r_eesei gene. The italicized sequence in the upstream such a way that they will amplify the entire region
primer indicates a Pstl restriction enzyme site used for between the last Sau3A site in the chbl gene and the
cloning; the italicized sequence in the downstream first Sau3A site in the DNA located 3' to the cbhI
primer indicates a XOal restriction enzYme site used for gene
cloning. Purified PCR product (5 IlL containing about 500

The PCR products were purified by ultrafiltration pg) was added to 5 IlL (about 500 pg) of pUCl9 that
(Millipore Ultrafree Millipore. Bedford, MA) as had been dtgesred with Sinai. Then. 3 IlL of 5X ligase

directed by the manufacturer. Purified PCR products buffer, lIlL of T4 DNA hgase and lilL of Sinai were
were digested with Psa and Xbal (these sites were in added (to cleave plasmids that selfdigated) and the

the PCR primers) and run on a 0.7 % TBE-agarose gel reaction mixture was incubated overnight.
containing 0,5 _lg mL "t ethidium bromide. The Transformation and plasmid isolation was as described

pBluescriptll KS plasmid (Stratagene, La Jolla, CA) was above for the cbhl gene, Despite numerous attempts,
also digested with PsA and Xbal and run on the same we v,tere unable to clone the region upstream of the 5'

end of the gene by inverse PCR or other methods.gel. The PCR products and pBluescript plasmid were
isolated by electrophoresis to NA45 DE._ membrane DNA sequencing and analysi,¢_ Plasmids were
(Schleicher and Schuell, Keene, NH) and eluted from sequenced by the dideoxy terminator method with
the membrane m a buffered ammonium acetate Sequenase 2.0 (Amersham, Arlington Heights, IL) as

solution (Guilfoile and Hutchinson, 1991), directed by the manufacturer. At least two indepen-

The eluted DNA was resuspended in 11 gtL of dent PCR products were sequenced from each region
sterile distilled water and ligated with the addition of 3 of the gene, The DNA sequences were analyzed using

IlL 5X tigase buffer and 1 tlL T4 DNA ligase the software programs EDITSEQ, MAPDRAW, and

(Gibco/BRL. Gaithersburg. MD). The tigation reaction MEGALIGN (DNASTAR. Madison. 'g/l).
was then incubated overnight at room temperature. E.

RESULTS
coli DI-i5ct cells (Gibco/BRL. Gaithersburg, MD) were

transformed with 7 I.tL of the ligation mixture, using The PCR amplification of 7[ harz'tanum genornic

standard protocols, except that LB broth and LB agar DNA with the cbhl primer .set described above
were used instead of SOC broth and SOB agar produced a DNA fragment of about 1600 bp, the size

t'Sambrook et al,, 1989, p 1.82). Colonies containing expe(xed based on the previously published T. reese/
putative recombinant plasmids were grown overnight DNA sequence (Shoemaker, et aL, 1983. Fig. 2a). This
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structure of the enzyme, are present in all three
A 1 2 deduced enzyme sequences (Divne et al., 1994; Fig, 4).

Table 1. Comparison of the DNA sequences of

2027-- _ the deduced cbbl introns and deduced cbbl

coding regions from rrichodei_i_a har'_anum,
564 -- T. reesef and E viride.

IdentiW of Sequences t

Comparison Exon Intron

%--

Z har'2:ianum: Z Reesei 80 25

B 1 2 T. bar'zianum: T. vir_de 80 27
Z Reesei: Z viride 94 39

DNA sequences were aligned by the Clustal method in
the program MEGALIGN (DNASTAR, Madison, WI).
Putative exons for the Z barzfanum cbbl gene were

1264 determined by comparison with the T. reeseiand Z virtde

702 DNA sequences (Shoemaker et al., 1983; Cheng et al.,
1990). lntron sequences were determined by comparison
with the published _ reese_sequence (Shoemaker et al..
1983) and the "GT-AG m]e"(Lewin. 1997). where the

Figure 2. pCR products used for sequencing the cbhl sequence "GT _ is found at the 5 end of the intron and the
gene from T. harzfanum (t0 the PCR product of the entire sequence _AG" is found at the 3' end of the intron.
¢bhl gene. Lane 1, X HinallI DNA marker. Lane 2, PCR
product. The arrow indicates the PCR product in lane 2 that
was cloned _nd sequenced.The numbers to the left of the
photograph indicate the size of the DNA fragments (in bp) DISCUSSION
in the marker DNA. (B) The PCR product of the 3' end of Differences in cellulolytic activity between fungal

the cbhl gene and downa.ream regions. Lane 1, PCR strains and species may be due to a number of factors
product. Lane 2, _. BStEII DNA marker. The arrow indicates including differences in enzymatic activity, differences
the PCR product in lane 1 that was cloned and sequenced, in regulation of enzymatic synthesis, and the presence
The numbers to the right of the photograph indicate the or absence of other enzymes required for bio-
size of DNA fragments (in bp) in the marker DNA.

degradation of cellulose. Our work suggests that the

DNA fragment was cloned into the pBlueseript difference in cellulolytic activity between 7".

plasmid and sequenced (Fig. 2b). inverse PCR harzianum and Z reesei is probably not due to

produced a 600 bp product of the region beyond the differences in the enzymatic activity of the cbbl genes,
3' end of the gene. This PCR fragment was cloned into but rather, may be the result of differences m gene

pUC19 and sequenced as well (Fig. 2b) regulation or Lhe presence or absence of cbb2,
Sequence comparison with the cbbI gene from 7". endoglucanase, or _-glucosidase genes. Future work

reeseiand T. v/r/de (Cheng et al., 1990) suggested that on cloning the region upstream of the T. har-_anurr*

the genomic T. bar_anum ebb1 DNA contains 2 ebb1 gene may help reveal potential regulatory
introns (Fig. 3). The intron sequences were poorly controls.
conserved between the cbbl genes of the three As more becomes known about cellulose

species (Table 1). In contrast, the coding regions of the degradation by fungi, prospects should improve for

three genes are highly conserved (Table 1), and many the genetic engineering of fungal strains that more
of the DNA substitutions resulted in conservative efficiently degrade cellulose. For examp e, fungal

amino acio replacements (Fig. 4). Of particular strains which produce optimal levels of each of the

importance, the catalytically active regions of the cellulolytic enzymes, or which are directly capable of
cellobiohydrotase-1 proteins from the three species converting glucose to ethanol may more efficiently"

were highly conserved. Three acidic residues required bioconvert cellulose. This, in turn, may contribute to a

for catalysis (Glu zxg, Asp 251 and GIu2M; Divne et al., substantial reduction in the costs of producing ethanolvia fermentation.
1994) are present in all three cellobiohydrolase-1

proteins (]Fig. 4). Also, 23 cysteines, at least ten of
which form disulfide bridges necessary for proper
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_.TGT_*TCCGAAGTT_GCC_TCATCTCGG¢f:TTCCTG_CIGCTCC TCGTGCTCAC_AGGTCTGCkCCCAACAAGCAGACACTC_CCA¢CTCTGA¢ ATGCC
• [ . i _ . i , i , * i , * i . i , i I00

I

AGAA_`TGCACAGCTTcC_GTTGCACACCTCAACAAGGTT_TG¥GG_TC_T_ATG_AAACT¢_CGTTGC_`CTCACGATACCAA_GCACcA_C_CTg_TA
i * i , i , l i l , I , i , i , i

¢_ATG_CAAC_CT_GAGCTCAA_1TGTr;CC_¢GACcATGCCAC_TGTGC_AAGAA_TGTTGTTTCGATGGAG_;CAACTACTcGCGC_CTTA_G¢_¥C

ACI:ACCAGC_GCGACGCTCTCACC¢ TTCAATTT_TTAC_rGCGTCGAATGTCGGC'_CCCGTCTTrACTT_ATGGCAAATGATTCTACCTACCAG_AGT_C_

C(_CTCTCTG_C).AT_A_'TCTCCTT TGAC_TTGAT_TTTCCCAA¢_C_TAAGTAATCACAATCTAACAT_A_A_r T_T TTCACA_TTCGC_ACTAA

t

lh_ Le_ ,3_- _y _n _ Phe ,%_ Prm/_sp_ _,=pW4 _ _r. L_uPr_
ATAATTGCTAGTTGTG_CTTGAACG_AG_GCTGTACTTCGTTTCCAT_GA{;_CC_ATG_T_CCCACAGCAAGTACCCCGC'CAATCCTGCCG_TGCC_AT

ACG_¢ACA_:_TTACT_TGACAGCCAGT_C¢C_CGyGAC[;'_AAG'rTCATCAAC_TCA_£¢AACGTT_AG_TTGG_AGCCATCTT_C_CA_GCC_

CACTG_T_TTG_T£GC¢A¢GGAAGCT_T_CTCC_AGA`rG_ATATCT_GGA_CAAACT_CAT_TCTGAG_CTCTTA_1_CTCACCCT¥GC_A_T_TC

GG_CA_AC_ATGTGCA_T_`CGATTCT1GCGGT_;_A_CT*`ACTC_AkTGA_C_ATAT_1CGCAC_T_CG_CCCT_AT_GCTGC_TGGAA_cATACC

_T£T(;_GCAACACCTCCTTCTAcG[;A_CC_TTCAT¢ATT_C;CTCTT_.AcAcCACCA_AAATTCACCGTTGTG/_C_GTTC_[_C&CC_ACGgTTC_T

TAGCCC_.TACTAT_TCCA_AAT_I;AGTCAACTTCCAGCAGCCCAACGCTCAAG_C_GCAI;CTACTCTGGCAACACG&TCAA£ACCGACTACTGTGCAGCT

GA_CA_ACA_CCTTCGGC`_GAAC_TCATTCACAGA_AAGGG_GGC_TT_CCCACATCAACAAG_&TTCCA_C_kkTG_TCTTGGTCAT_AG_T£;T

_GGATC_T_TGA_TTTACAACATATAGTTCATATC,ATTT CTATT ACATTACT_ACTC_TTCAC;CA_ACI;CGI;T CAACATGCTTTGgTTGGATTCCAC_

TA£CCAAC/UtACG_CACTGCTT_CACCCCTG_CG£CAAGC_AGG_U_T_CT_TACf_AG_TCTG_;_GTTC¢CGCCCAA_`_CCAA_;C_CAGTC&CC_AAC_

CCAkGGTTA¥CTACTCC;uk_ATCCGCTTCGGACCCATT_;GCAGCA_TGGTG_C`_A_&CT_CACqAACC_TCCC_;GCA_TTCAAcCACTCGGG_TC¢TCC

_;TCCAGCACTGCAA£;CT_CCC_ACC_C¢ACCCAGACACAcTACGGCCAGTGT_GT_AACTGGCT_;AC¢G_ACCTACCAG&TCC_TAG¢GgCT_CACT

TC,CCAG;T T£_*C_ACCC_,TTCTACTOTCA_T_*CCTGT/_J.;GTGCT TTGGCGGCGGCTTGAGATGTTAGgTTG_A;AT _AT TGTCTCATCT TC_CTA

Figure 3. Sequence of the cbhl gene from Trichoderma harzianum FPI08. The first three nucleotides (ATG) are the putative

tranlationsl start co<ton. The TAA sequence in the last line with a dot underneath is the putative translational stop codon. Introns

are set off with open bars below the intron sequence. The 3'LrI'R is represented with a dark bar. The inferred amino acid

translation is gtven below the DNA sequence. The first 21 nucleotides in the sequence were derived from the PCR primer used

to amplify the DNA.
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MYQKLAL ISAF LATARAQ SAL-_fLQAETHP PLTWQKCS SGGTCTQQTG SVV IDANWRWTHATNS STNCYDGNTWS STLC PDNETCAKN_
MYRKLAV IS AFLAAARAQQVCTQ QAETHP PLTWQKCTA SG -CT PQQG SVVLDA/q_RWTHDTK STTNCYDGNTWS S_ PD_

n n [] in n m n il
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I I I ! ! I I i i

DGAAYAS TYGVTTSGNS LS IGFVTQ SAQ KNVGARLYLMAS DTTYQEFT LLGN EF S FDVDVSQLI:_2GLNG_YFVS_S _A

DGAAYAS TYGVTTSADS LS IGFVTQSAQKNVGARL'/LMAS DTTYQEFTLLGN EF S FDVDVSQLPL'M_Lh_ALYFVS _S _ _DGANY SGTYGVTTS GDALTLQ F'QTAS ---NVGSRLYLMAND STYQEFTLS GNEF S FDVDVSQLPCGLNGALY FVSMD_
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i I I l ! i I ! B

GAKYGTGYCD SQC PRDLKF INGQANVEGWE pS SNNANTGI GGHG SCCS]_4DI WEANS ISEALT PH PCTTVGQ EIC EGDGCGGTy SE_IRYG
GAKYGTGYCDSQCPRDLKF INGQANVEGWEPS SNNANTGI GGHGSCCSKMDIWEANS ISEALT PH PCTTVGQEICEGDSCGGTYSGDRYG
GAKYGTGYCD SQCp RDL KF INGQANVEGWE pS SNNANTGVGGHG SCC SEMDI WEANS ISEALT PH PC ETVG QTMC SGD SCC_'TY S_R_

l HI l l l l l
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GTCDP- -DGCDWNP YRLGNTS FyG PGS SFALDTTKKLT_Q FATDG S IS RY'YVQNGVKFQQ PNAQVG SYS GNT INT D_QT_
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SF SDKGGLTQF KKAT SGGMVLVMS LWD DYYANMLWLDSTY PTNET SST PGAVRG SCST SS GV PAQVE SQS PNAKVTF SN3:KFG PIGST _
SI_SDKGGLTQFKEATSGGMVLVMSLWDDYYANMLWLDSTY PTDET SSTPGAVRG SSST SSGVPAQ LE SNS PNAKVVY SNI KFG PIGST(3_
SFTDKGGLAQI NKAFQGGMVLVMS L_DDYAVNMLWI/)STY PTNATAST PGAKRG SCST SSGVPAQVEAQS PNSKV IY SNI RFG PIGST_

l l l III [] I! I I I
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I J I | | i

pS GGNPPGG_GTr TTRR PATTTGS SPG PTQS HYGQ(:GGI GY SG PTVCASGTT VLNPYYSQCL
pSGGNppG GNp PGTTTPRPAT STG SSPG PTQTHYGQCGG IGY IG PTVCASG STCQVLNPYYSQCL
NTGSNPPG .... TSTTRA ppS STG SSPTATQTHYGQCGGTGWTG PTRCASGYTCQVLNPFYSQ(:_L

Figure 4. Comparison of the deduced amino acid sequences from the T reesel, 7_ vfride, and Z harzgtnum FPI08 cbbl genes.

The top line is the deduced amino acid sequence of the Z reesef CBHI protein. The middle line is the deduced amino acid

l sequence of the _Ets'nde CBHI protein. The bottom line is the deduced amino acid sequence of the Zbarz_anum FPI08 CBHI

pt_otein. The conserved catalytic amino acids and cystemes are m bold face. Places where the Z barzianurn sequence differed

from the other two sequences (or lacked a conservative amino acid replacement; 5 - 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

(DNASTAR, Madison, WI).

Lewin, B. 1997. Genes _ Oxford Univ. Press. New York, Harbor Laboratory Press, Cold Spring Harbor, NY.

fi NY. Shoemaker, S.. V. Schweickart, M. Laduet. D. Gelfand, S.
h Morelle, G. 1988. A plasmid extraction procedure on a mini- Kwok, K, Myambo and M. Innis. 1983. Molecular

prep .scale. Focus. 11:7-8. Life Technologies, Gaithers- cloning of exo-cellobiohydrolase I derived from

l burg, MD, Tr_choderma reese_ strain L27. Biotechnology_ h691-

Nidetzky, B., W. Steinet, M. Hayn and M. Claeyssens. 1994. 699.

Cellulose hydrolysis by the cellulases from Tricboderraa Teeri, T., P, Lehtovaara, S. Kauppinen, I. Salovuod and J.

reeses: a new model for synergistic interaction. Knowles. 1987. Homologous domains in Tr_choderma

Biochem. J. 298:705-710. reesef cellulolytic enzymes: gene sequence and expres-

Ochman, H., M. Medhot_, D. Garza. and D. Hard. 1990. ston ofceUobiohydrolase II. Gene. 51:43-52.

Amplification of flanking sequences by Inverse PCR. Warren, R. 1996. Engineering cellulases: Catalysis, Binding,

pps 21%222. lm M. Innis. D. Gelland, J. Sninsky and T and Modules. ASM News. 62:85-88.

White, (eds.) PRC protocoLS: a guide to methods and

applicatiort$. Academic Press Inc., San Diego, CA.

I Raeder, U. and Broda, P. 1985. Rapid preparation of DNA

from1:1%20_filamentous fungi. Letters in Applied Microbiology-

Sambrook, J., E. Fritsch and T. Maniatis. 1989. Molecular

cloning: a laboratory manual. 2ud ed. Cold Spring

22 Journal of the Minnesota Academy of Science


