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2
subsequence of

NUCLEIC ACIDS ENCODING
POLYPEPTIDES HAVING CELLOBIOSE
DEHYDROGENASE ACTIVITY

(iv) a complementary strand of (i), (ii), or (iii);
(d) a nucleic acid sequence encoding a variant of the
polypeptide having an amino acid sequence of SEQ ID

CROSS-REFERENCE TO RELATED
APPLICATION

NO. 2 comprising a substitution, deletion, and/or inser
tion of one or more amino acids;

This application is a continuation-in-part of US. appli
cation Ser. No. 09/265,108 ?led on Mar. 9, 1999 now US.

Pat. No. 6,033,891 issued Mar. 7, 2000 Which application is

fully incorporated herein by reference.
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BACKGROUND OF THE INVENTION

sequences encoding polypeptides having cellobiose dehy
drogenase activity. The invention also relates to nucleic acid
constructs, vectors, and host cells comprising the nucleic
acid sequences as Well as recombinant methods for produc
20

2. Description of the Related Art
Cellobiose-oxidizing enZymes Were ?rst described in the
extracellular enZyme system of the White-rot fungus Phan

erochaete chrysosporium (Westermark and Eriksson, 1974,
Acta Chem. Scand. Ser B 28: 204—208; Westermark and
Eriksson, 1974, Acta Chem. Scand. Ser B 28: 209—214;

25

30

FIG. 2 shoWs the pH activity pro?le of a Humicola
insolens DSM 1800 cellobiose dehydrogenase at 40° C.
FIGS. 3A, B, and C shoW the cDNA sequence and the

voprotein called cellobiose dehydrogenase (EC. 1.1.99.18)
proposed to be preferentially involved in cellulose degrada
35

deduced amino acid sequence of a Humicola insolens DSM

1800 cellobiose dehydrogenase (SEQ ID NOs. 1 and 2,

broWn-rot fungus Coniophora putena (Schmidhalter and
Canevascini, 1992,Appliea' Microbiology Biotechnology 37:

respectively).

431—436) and soft-rot fungi such as Monilia sp. (Dekker,

1980, Journal of General Microbiology 120: 309—316),
Chaetomium cellulolyticum (Fahnrich and Irrgang, Biotech
nology Letters 4: 775—780), Myceliophthora thermophila
(Coudray et al., 1982, Biochemical Journal 203: 277— 284),
Sclerotium rolfsii (Sadana and Patil, 1985, Journal of Gen
eralMicrobiology 131: 1917—1923), and Humicola insolens
(Schou et al., 1998, Biochemical Journal 330: 565—571).

FIG. 1 shoWs the temperature activity pro?le of a Humi
cola insolens DSM 1800 cellobiose dehydrogenase in 0.1 M

glycine pH 9.5.

involved in lignin degradation, and the other is a haemo?a

tion.
Cellobiose dehydrogenases have also been found in the

acid sequences as Well as recombinant methods for produc

BRIEF DESCRIPTION OF THE FIGURES

171—181). The cellobiose-oXidiZing enZymes from this fun

biose:quinone oXidoreductase (EC 1.1.5.1) suggested to be

benZoquinones as the electron acceptor, about pH 7—9
using cytochrome C as the electron acceptor; and about
pH 9 using ferric cyanide as the electron acceptor; a
temperature optimum of 55° C. at pH 9.5, a molecular
Weight of about 92 kDa by SDS-PAGE; an isoelectric
point of about 4—5; a relative activity of at least 70% at
a pH of about 9 and a temperature of about 50° C.; and
stability at a pH of 5—10.
The present invention also relates to nucleic acid
constructs, vectors, and host cells comprising the nucleic

ing the polypeptides.

Ayers et al., 1978, European Journal of Biochemistry 90:
gus have been identi?ed: one is a ?avoprotein called cello

(e) an allelic variant of (a), (b), or (c);
(f) a subsequence of (a), (b), (c), or (e), Wherein the
subsequence encodes a polypeptide fragment Which
has cellobiose dehydrogenase activity; and
(g) a nucleic acid sequence encoding a polypeptide having
cellobiose dehydrogenase activity With a pH optimum
at a pH of about 5—9, such as about 7 using DCPIP or

1. Field of the Invention
The present invention relates to isolated nucleic acid

ing the polypeptides.

or (ii) of at least 100 nucleotides, or

40

DETAILED DESCRIPTION OF THE
INVENTION

Isolated Nucleic Acid Sequences Encoding Polypeptides

Having Cellobiose Dehydrogenase Activity
The term “cellobiose dehydrogenase activity” is de?ned
45

herein as a cellobiose:(acceptor) oXidoreductase activity
Which catalyZes the conversion of cellobiose in the presence
of an electron acceptor to cellobiono-1,5-lactone and a

The cloning of the Phanerochaete chrysosporium cello
biose dehydrogenase gene has been disclosed (Raices et al.,
1995, FEBS Letters 369: 233—238).

lactose, maltose, 4-methylumbelliferyl-beta-D-cellobioside,
4-beta-glucosylmannose, cello-oligosaccharides,

It is an object of the present invention to provide alter

cellodeXtrin, and Xylobiose may also be substrates. The

reduced acceptor. The natural substrate is cellobiose, but

acceptor may be 2,6-dichlorophenolindophenol (DCPIP),

native isolated nucleic acid sequences encoding polypep

phenol blue, cytochrome c, methylene blue, potassium
ferricyanide, Fe3+, 3,5-di-tert-butyl-1,2-benZoquinone, and

tides having cellobiose dehydrogenase activity.

p-benZoquinone. For purposes of the present invention,

SUMMARY OF THE INVENTION

The present invention relates to isolated nucleic acid

55

to the procedure described by Schou et al., 1998, supra,
Where a 450 pl solution of 100 uM of DCPIP and 250 uM
of cellobiose in 0.1 M sodium phosphate pH 7.5 buffer is
miXed With 50 ul of the enZyme and the reduction of DCPIP
is measured at 530 nm (40° C.). One unit of cellobiose
dehydrogenase activity is de?ned as 1.0 umole of cellobiose
oXidiZed per minute at 40° C., pH 7.5.

sequences encoding polypeptides having cellobiose dehy
drogenase activity, selected from the group consisting of:
(a) a nucleic acid sequence encoding a polypeptide having
an amino acid sequence Which has at least 65% identity
With amino acids 22 to 785 of SEQ ID NO. 2;
(b) a nucleic acid sequence having at least 65% homology
With nucleotides 135 to 2425 of SEQ ID NO. 1;
(c) a nucleic acid sequence Which hybridiZes under loW
stringency conditions With
nucleotides 135 to 2425

of SEQ ID NO. 1, (ii) the genomic sequence compris
ing nucleotides 135 to 2425 of SEQ ID NO. 1, (iii) a

cellobiose dehydrogenase activity is determined according

65

The term “isolated nucleic acid sequence” as used herein
refers to a nucleic acid sequence Which is essentially free of
other nucleic acid sequences, e.g., at least about 20% pure,
preferably at least about 40% pure, more preferably at least
about 60% pure, even more preferably at least about 80%

US 6,280,976 B1
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pure, and most preferably at least about 90% pure as

The present invention also encompasses nucleic acid
sequences Which encode a polypeptide having the amino
acid sequence of SEQ ID NO. 2, Which differ from SEQ ID

determined by agarose electrophoresis. For example, an
isolated nucleic acid sequence can be obtained by standard

NO. 1 by virtue of the degeneracy of the genetic code. The
present invention also relates to subsequences of SEQ ID
NO. 1 Which encode fragments of SEQ ID NO. 2 Which have

cloning procedures used in genetic engineering to relocate
the nucleic acid sequence from its natural location to a

different site Where it Will be reproduced. The cloning

cellobiose dehydrogenase activity.

procedures may involve eXcision and isolation of a desired

nucleic acid fragment comprising the nucleic acid sequence
encoding the polypeptide, insertion of the fragment into a
vector molecule, and incorporation of the recombinant vec
tor into a host cell Where multiple copies or clones of the
nucleic acid sequence Will be replicated. The nucleic acid

10

sequence may be of genomic, cDNA, RNA, semisynthetic,

SEQ ID NO. 2 is a polypeptide having one or more amino

synthetic origin, or any combinations thereof.
In a ?rst embodiment, the present invention relates to

15

isolated nucleic acid sequences encoding polypeptides hav
ing an amino acid sequence Which has a degree of identity
to amino acids 22 to 785 of SEQ ID NO. 2 (i.e., the mature
polypeptide) of at least about 65%, preferably at least about
70%, more preferably at least about 80%, even more pref
erably at least about 90%, most preferably at least about
95%, and even most preferably at least about 97%, Which

20

acids deleted from the amino and/or carboXy terminus of this
amino acid sequence. Preferably, a fragment contains at least
670 amino acid residues, more preferably at least 700 amino
acid residues, and most preferably at least 730 amino acid
residues.
An allelic variant denotes any of tWo or more alternative
forms of a gene occupying the same chomosomal locus.

Allelic variation arises naturally through mutation, and may
result in polymorphism Within populations. Gene mutations

have cellobiose dehydrogenase activity (hereinafter
“homologous polypeptides”). In a preferred embodiment,
the homologous polypeptides have an amino acid sequence

A subsequence of SEQ ID NO. 1 is a nucleic acid
sequence encompassed by SEQ ID NO. 1 eXcept that one or
more nucleotides from the 5‘ and/or 3‘ end have been
deleted. Preferably, a subsequence contains at least 2010
nucleotides, more preferably at least 2100 nucleotides, and
most preferably at least 2190 nucleotides. A fragment of

25

Which differs by ?ve amino acids, preferably by four amino

can be silent (no change in the encoded polypeptide) or may
encode polypeptides having altered amino acid sequences.
The allelic variant of a polypeptide is a polypeptide encoded

acids, more preferably by three amino acids, even more

by an allelic variant of a gene.
In a second embodiment, the present invention relates to

preferably by tWo amino acids, and most preferably by one

isolated nucleic acid sequences Which have a degree of

amino acid from amino acids 22 to 785 of SEQ ID NO. 2.

For purposes of the present invention, the degree of identity

30

homology to the mature polypeptide coding sequence of
SEQ ID NO. 1 (i.e., nucleotides 135 to 2425) of at least

betWeen tWo amino acid sequences is determined by the

about 65%, preferably about 70%, preferably about 80%,

Clustal method (Higgins, 1989, CABIOS 5: 151—153) using
the LASERGENETM MEGALIGNTM softWare (DNASTAR,
Inc., Madison, Wis.) With an identity table and the folloWing
multiple alignment parameters: Gap penalty of 10 and gap

more preferably about 90%, even more preferably about

95%, and most preferably about 97% homology, Which
encode an active polypeptide; or allelic variants and subse
35

length penalty of 10. PairWise alignment parameters are

Ktuple=1, gap penalty=3, WindoWs=5, and diagonals=5.
Preferably, the nucleic acid sequences of the present
invention encode polypeptides that comprise the amino acid
sequence of SEQ ID NO. 2 or an allelic variant thereof; or

a fragment thereof that has cellobiose dehydrogenase activ
ity. In a more preferred embodiment, the nucleic acid
sequence of the present invention encodes a polypeptide that
comprises the amino acid sequence of SEQ ID NO. 2. In
another preferred embodiment, the nucleic acid sequence of
the present invention encodes a polypeptide that comprises

40

quences of SEQ ID NO. 1 Which encode polypeptide frag
ments Which have cellobiose dehydrogenase activity. For
purposes of the present invention, the degree of homology
betWeen tWo nucleic acid sequences is determined by the

Wilbur-Lipman method (Wilbur and Lipman, 1983, Pro
ceedings of the National Academy of Science USA 80:
726—730) using the LASERGENETM MEGALIGNTM soft
Ware (DNASTAR, Inc., Madison, Wis.) With an identity

table and the folloWing multiple alignment parameters: Gap
45

penalty of 10 and gap length penalty of 10. PairWise
alignment parameters are Ktuple=3, gap penalty=3, and

amino acids 22 to 785 of SEQ ID NO. 2, or an allelic variant

WindoWs=20.
In a third embodiment, the present invention relates to

thereof; or a fragment thereof that has cellobiose dehydro

isolated nucleic acid sequences encoding polypeptides hav

ing cellobiose dehydrogenase activity Which hybridiZe

genase activity. In another preferred embodiment, the
nucleic acid sequence of the present invention encodes a

50

polypeptide that comprises amino acids 22 to 785 of SEQ ID
NO. 2. In another preferred embodiment, the nucleic acid
sequence of the present invention encodes a polypeptide that

conditions, more preferably medium-high stringency

consists of the amino acid sequence of SEQ ID NO. 2 or an

allelic variant thereof; or a fragment thereof, Wherein the

under very loW stringency conditions, preferably loW strin
gency conditions, more preferably medium stringency

55

conditions, even more preferably high stringency
conditions, and most preferably very high stringency con
ditions With a nucleic acid probe Which hybridiZes under the

polypeptide fragment has cellobiose dehydrogenase activity.

same conditions With

In another preferred embodiment, the nucleic acid sequence
of the present invention encodes a polypeptide that consists

NO. 1, (ii) the genomic sequence comprising nucleotides

of the amino acid sequence of SEQ ID NO. 2. In another
preferred embodiment the nucleic acid sequence of the
present invention encodes a polypeptide that consists of

(ii), or (iv) a complementary strand of (i), (ii), or (iii) (J.
Sambrook, E. F. Fritsch, and T. Maniatus, 1989, Molecular
Cloning, A Laboratory Manual, 2d edition, Cold Spring

nucleotides 135 to 2425 of SEQ ID

135 to 2425 of SEQ ID NO. 1, (iii) a subsequence of
60

or

amino acids 22 to 785 of SEQ ID NO. 2 or an allelic variant

Harbor,

thereof; or a fragment thereof that has cellobiose dehydro

least 100 nucleotides or preferably at least 200 nucleotides.
The subsequences are more preferably comprised of con

genase activity. In another preferred embodiment, the
nucleic acid sequence of the present invention encodes a
polypeptide that consists of amino acids 22 to 785 of SEQ
ID NO. 2.

65

The subsequence of SEQ ID NO. 1 may be at

tiguous nucleotides. Moreover, the subsequence may encode
a polypeptide fragment Which has cellobiose dehydrogenase

activity.

US 6,280,976 B1
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stringency), more preferably at least at 60° C. (medium-high
stringency), even more preferably at least at 65° C. (high
stringency), and most preferably at least at 70° C. (very high

The nucleic acid sequence of SEQ ID NO. 1 or a

subsequence thereof, as Well as the amino acid sequence of
SEQ ID NO. 2 or a fragment thereof, may be used to design

stringency).

a nucleic acid probe to identify and clone DNA encoding

For short probes Which are about 15 nucleotides to about

polypeptides having cellobiose dehydrogenase activity from

70 nucleotides in length, stringency conditions are de?ned

strains of different genera or species according to methods
Well knoWn in the art. In particular, such probes can be used
for hybridiZation With the genomic or cDNA of the genus or

as prehybridiZation, hybridiZation, and Washing post
hybridiZation at 5° C. to 10° C. beloW the calculated Tm

using the calculation according to Bolton and McCarthy

species of interest, folloWing standard Southern blotting
procedures, in order to identify and isolate the correspond
ing gene therein. Such probes can be considerably shorter
than the entire sequence, but should be at least 15, preferably

10

at least 25, and more preferably at least 35 nucleotides in

length. Longer probes can also be used. Both DNA and RNA
probes can be used. The probes are typically labeled for

gency conditions With
25

135 to 2425 of SEQ ID NO. 1, (iii) a subsequence of

or

(ii), or (iv) a complementary strand of (i), (ii), or (iii); and
(b) isolating the nucleic acid sequence. The subsequence is
preferably a sequence of at least 100 nucleotides such as a

sequence Which encodes a polypeptide fragment Which has
30

cellobiose dehydrogenase activity.
In a fourth embodiment, the present invention relates to
isolated nucleic acid sequences Which encode variants of the

nucleic acid sequence hybridiZes to a labeled nucleic acid

polypeptide having an amino acid sequence of SEQ ID NO.
2 comprising a substitution, deletion, and/or insertion of one
35 or more amino acids.

The amino acid sequences of the variant polypeptides
may differ from the amino acid sequence of SEQ ID NO. 2

In a preferred embodiment, the nucleic acid probe is a
nucleic acid sequence Which encodes the polypeptide of
40

preferred embodiment, the nucleic acid probe is SEQ ID

or the mature polypeptide thereof by an insertion or deletion
of one or more amino acid residues and/or the substitution
of one or more amino acid residues by different amino acid

residues. Preferably, amino acid changes are of a minor
nature, that is conservative amino acid substitutions that do

NO. 1. In another preferred embodiment, the nucleic acid
probe is nucleotides 135 to 2425 of SEQ ID NO. 1, Which
encodes a mature polypeptide having cellobiose dehydro

genase activity. In another preferred embodiment, the

nucleotides 135 to 2425 of SEQ ID

NO. 1, (ii) the genomic sequence comprising nucleotides

the present invention, hybridiZation indicates that the

SEQ ID NO. 2, or a subsequence thereof. In another

The present invention also relates to isolated nucleic acid

sequences produced by (a) hybridiZing a DNA under very
loW, loW, medium, medium-high, high, or very high strin

immobilized on nitrocellulose or other suitable carrier mate

probe corresponding to the nucleic acid sequence shoWn in
SEQ ID NO. 1, its complementary strand, or a subsequence
thereof, under very loW to very high stringency conditions.
Molecules to Which the nucleic acid probe hybridiZes under
these conditions are detected using X-ray ?lm.

For short probes Which are about 15 nucleotides to about
70 nucleotides in length, the carrier material is Washed once
in 6><SCC plus 0.1% SDS for 15 minutes and tWice each for
15 minutes using 6><SSC at 5° C. to 10° C. beloW the

calculated Tm.
20

the libraries or the separated DNA may be transferred to and
rial. In order to identify a clone or DNA Which is homolo
gous With SEQ ID NO. 1 or a subsequence thereof, the
carrier material is used in a Southern blot. For purposes of

USA 4811390) in 0.9 M NaCl, 0.09 M Tris-HCl pH 7.6, 6
mM EDTA, 0.5% NP-40, 1><Denhardt’s solution, 1 mM
sodium pyrophosphate, 1 mM sodium monobasic
phosphate, 0.1 mM ATP, and 0.2 mg of yeast RNA per ml

folloWing standard Southern blotting procedures.
15

detecting the corresponding gene (for example, With 32P, 3H,
35S, biotin, or avidin). Such probes are encompassed by the
present invention.
Thus, a genomic DNA or cDNA library prepared from
such other organisms may be screened for DNA Which
hybridiZes With the probes described above and Which
encodes a polypeptide having cellobiose dehydrogenase
activity. Genomic or other DNA from such other organisms
may be separated by agarose or polyacrylamide gel
electrophoresis, or other separation techniques. DNA from

(1962, Proceedings of the National Academy of Sciences

not signi?cantly affect the folding and/or activity of the
45

nucleic acid probe is the nucleic acid sequence contained in
plasmid pEJ G44 Which is contained in Escherichia coli
NRRL B-30065, Wherein the nucleic acid sequence encodes

protein; small deletions, typically of one to about 30 amino
acids; small amino- or carboxyl-terminal extensions, such as
an amino-terninal methionine residue; a small linker peptide
of up to about 20—25 residues; or a small extension that

facilitates puri?cation by changing net charge or another

a polypeptide having cellobiose dehydrogenase activity. In
another preferred embodiment, the nucleic acid probe is the
mature polypeptide coding region contained in plasmid

function, such as a poly-histidine tract, an antigenic epitope

pEJG44 Which is contained in Escherichia coli NRRL
B-30065.
For long probes of at least 100 nucleotides in length, very

group of basic amino acids (arginine, lysine and histidine),
acidic amino acids (glutamic acid and aspartic acid), polar
amino acids (glutamine and asparagine), hydrophobic amino
acids (leucine, isoleucine and valine), aromatic amino acids
(phenylalanine, tryptophan and tyrosine), and small amino

loW to very high stringency conditions are de?ned as pre

or a binding domain.

Examples of conservative substitutions are Within the

55

hybridiZation and hybridiZation at 42° C. in 5><SSPE, 0.3%
SDS, 200 pig/ml sheared and denatured salmon sperm DNA,

acids (glycine, alanine, serine, threonine and methionine).
Amino acid substitutions Which do not generally alter the
speci?c activity are knoWn in the art and are described, for

and either 25% formamide for very loW and loW

stringencies, 35% formamide for medium and medium-high
stringencies, or 50% formamide for high and very high

stringencies, folloWing standard Southern blotting proce
dures.

For long probes of at least 100 nucleotides in length, the
carrier material is ?nally Washed three times each for 15
minutes using 2><SSC, 0.2% SDS preferably at least at 45°
C. (very loW stringency), more preferably at least at 50° C.
(loW stringency), more preferably at least at 55° C. (medium

60

example, by H. Neurath and R. L. Hill, 1979, In, The
Proteins, Academic Press, NeW York. The most commonly

occurring exchanges are Ala/Ser, Val/Ile, Asp/Glu, Thr/Ser,
Ala/Gly, Ala/Thr, Ser/Asn, Ala/Val, Ser/Gly, Tyr/Phe, Ala/
Pro, Lys/Arg, Asp/Asn, Leu/Ile, Leu/Val, Ala/Glu, and Asp/
65 Gly as Well as these in reverse.

Modi?cation of a nucleic acid sequence of the present

invention may be necessary for the synthesis of polypeptides

US 6,280,976 B1
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substantially similar to the polypeptide. The term “substan
tially similar” to the polypeptide refers to non-naturally

embodiment, the polypeptide encoded by a nucleic acid
sequence of the present invention is secreted eXtracellularly.

occurring forms of the polypeptide. These polypeptides may

The nucleic acid sequences may be obtained from a

differ in some engineered Way from the polypeptide isolated
from its native source, e.g, variants that differ in speci?c

bacterial source. For example, these polypeptides may be

activity, thermostability, pH optimum, or the like. The

strain, e.g., Bacillus alkalophilus, Bacillus
amyloliquefaciens, Bacillus brevis, Bacillus circulans,
Bacillus coagulans, Bacillus lautus, Bacillus lentus, Bacillus
licheniformis, Bacillus megaterium, Bacillus

obtained from a gram positive bacterium such as a Bacillus

variant sequence may be constructed on the basis of the

nucleic acid sequence presented as the polypeptide encoding
part of SEQ ID NO. 1, e.g., a subsequence thereof, and/or by
introduction of nucleotide substitutions Which do not give
rise to another amino acid sequence of the polypeptide
encoded by the nucleic acid sequence, but Which corre
sponds to the codon usage of the host organism intended for
production of the enZyme, or by introduction of nucleotide
substitutions Which may give rise to a different amino acid
sequence. For a general description of nucleotide
substitution, see, e.g., Ford et al., 1991, Protein Expression
and Puri?cation 2: 95—107.
It Will be apparent to those skilled in the art that such
substitutions can be made outside the regions critical to the
function of the molecule and still result in an active polypep
tide. Amino acid residues essential to the activity of the

polypeptide encoded by the isolated nucleic acid sequence
of the invention, and therefore preferably not subject to
substitution, may be identi?ed according to procedures

10

stearothermophilus, Bacillus subtilis, or Bacillus thuring
iensis; or a Streptomyces strain, e.g., Streptomyces livia'ans

or Streptomyces murinus; or from a gram negative
bacterium, e.g., E. coli or Pseudomonas sp.
The nucleic acid sequences may be obtained from a
15 fungal source, and more preferably from a yeast strain such

as a Candida, Hansenula, Kluyveromyces, Pichia,
Saccharomyces, SchiZosaccharomyces, or YarroWia strain;
or more preferably from a ?lamentous fungal strain such as

an Acremonium, Aspergillus, Aureobasidium,
20

25

Cryptococcus, Filibasidium, Fusarium, Humicola,
Magnaporthe, Mucor, Myceliophthora, NeocallimastiX,
Neurospora, Paecilomyces, Penicillium, Piromyces,
SchiZophyllum, Talaromyces, Thermoascus, Thielavia,
Tolypocladium, or Trichoderma strain.
In a preferred embodiment, the nucleic acid sequences are

knoWn in the art, such as site-directed mutagenesis or

obtained from a Saccharomyces carlsbergensis, Saccharo

alanine-scanning mutagenesis (see, e.g., Cunningham and

myces cerevisiae, Saccharomyces diastaticus, Saccharomy

Wells, 1989 Science 244: 1081—1085). In the latter
technique, mutations are introduced at every positively
charged residue in the molecule, and the resultant mutant
molecules are tested for cellobiose dehydrogenase activity to
identify amino acid residues that are critical to the activity
of the molecule. Sites of substrate-enzyme interaction can
also be determined by analysis of the three-dimensional

ces douglasii, Saccharomyces kluyveri, Saccharomyces nor
bensis or Saccharomyces oviformis strain.
In another preferred embodiment, the nucleic acid

30

sequences are obtained from an Aspergillus aculeatus,

Aspergillus awamori, Aspergillus foetia'us, Aspergillus
japonicus, Aspergillus nidulans, Aspergillus niger; Aspergil

netic resonance analysis, crystallography or photoaffinity
labelling (see, e.g., de Vos et al., 1992, Science 255:

lus oryzae, Fusarium bactridioides, Fusarium cerealis,
Fusarium crookwellense, Fusarium culmorum, Fusarium
graminearum, Fusarium graminum, Fusarium
heterosporum, Fusarium negundi, Fusarium oxysporum,

306—312; Smith et al., 1992, Journal ofMolecular Biology

Fusarium reticulatum, Fusarium roseum, Fusarium

structure as determined by such techniques as nuclear mag

35

224: 899—904; Wlodaver et al., 1992, FEBS Letters 309:

59—64).
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In a ?fth embodiment, the present invention relates to

sambucinum, Fusarium sarcochroum, Fusarium
sporotrichioia'es, Fusarium sulphureum, Fusarium
torulosum, Fusarium trichothecioides, Fusarium

isolated nucleic acid sequences encoding polypeptides With

venenatum, Mucor miehei, Myceliophthora thermophila,

cellobiose dehydrogenase activity having the folloWing

Neurospora crassa, Penicillium purpurogenum, Tricho

physicochemical properties: ApH optimum at a pH of about
5—9, such as about pH 7 using DCPIP or benZoquinones as

45

the electron acceptor, about pH 7—9 using cytochrome C as
the electron acceptor; and about pH 9 using ferric cyanide as
the electron acceptor; a temperature optimum of 55° C. at
pH 9.5, a molecular Weight of about 92 kD by SDS-PAGE;

viride strain.

In another preferred embodiment, the nucleic acid
sequences are obtained from a Humicola alopallonella,

Humicola asteroia'es, Humicola brevis, Humicola

brevispora, Humicola brunnea, Humicola dimorphospora,
Humicola fuscoatra, Humicola grisea, Humicola
hyalothermophila, Humicola insolens, Humicola
lanuginosa, Humicola minima, Humicola nigrescens, Humi
cola parvispora, Humicola stellata, Humicola tainanensis,

an isoelectric point of about 4—5; a relative activity of at least
70% at a pH of about 9 and a temperature of about 50° C.;

and stability at a pH of 5—10 (see, for eXample WO

94/01538).

The polypeptides encoded by the isolated nucleic acid

sequences of the present invention have at least 20%,
preferably at least 40%, more preferably at least 60%, even

derma harzianum, Trichoderma koningii, Trichoa'erma
longibrachiatum, Trichoderma reesei, or Trichoderma

55 Humicola veronae, or Humicola zollerniae strain.

more preferably at least 80%, even more preferably at least

In a more preferred embodiment, the nucleic acid
sequences are obtained from Humicola insolens, and most

90%, and most preferably at least 100% of the cellobiose

preferably from Humicola insolens DSM 1800, e.g., the

dehydrogenase activity of the mature polypeptide of SEQ ID
NO. 2.
The nucleic acid sequences of the present invention may

60

sequence contained in plasmid pEJG44 Which is contained
in Escherichia coli NRRL B-30065. In another preferred

be obtained from microorganisms of any genus. For pur
poses of the present invention, the term “obtained from” as
used herein in connection With a given source shall mean

that the polypeptide encoded by the nucleic acid sequence is
produced by the source or by a cell in Which the nucleic acid
sequence from the source has been inserted. In a preferred

nucleic acid sequence set forth in SEQ ID NO. 1. In another
more preferred embodiment, the nucleic acid sequence is the

65

embodiment, the nucleic acid sequence is nucleotides 135 to
2425 of SEQ ID NO. 1.
It Will be understood that for the aforementioned species,

the invention encompasses both the perfect and imperfect
states, and other taxonomic equivalents, e.g., anamorphs,
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regardless of the species name by Which they are known.
Those skilled in the art Will readily recognize the identity of

ducing at least one mutation into the mature polypeptide
coding sequence of SEQ ID NO. 1 or a subsequence thereof,

appropriate equivalents. For example, the polypeptides may

Wherein the mutant nucleic acid sequence encodes a

be obtained from microorganisms Which are taxonomic
equivalents of Humicola as de?ned by S. C. Jong, J. M.

polypeptide Which consists of amino acids 22 to 785 of SEQ

Birmingham, and G. Ma in ATCC Names of Industrial

dehydrogenase activity.

Fungi, American Type Culture Collection, Rockville, Md.,

The introduction of a mutation into the nucleic acid
sequence to exchange one nucleotide for another nucleotide

ID NO. 2 or a fragment thereof Which has cellobiose

1994, or M. B. Ellis in Dematiaceous Hyphomycetes, Com

may be accomplished by site-directed mutagenesis using

monWealth Mycological Institute, Surrey, England, 1971,
regardless of the species name by Which they are knoWn.
Strains of these species are readily accessible to the public

10

any of the methods knoWn in the art. Particularly useful is
the procedure Which utiliZes a supercoiled, double stranded

in a number of culture collections, such as the American

DNA vector With an insert of interest and tWo synthetic

Type Culture Collection (ATCC), Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSM), Cen
traalbureau Voor Schimmelcultures (CBS), and Agricultural

primers containing the desired mutation. The oligonucle
otide primers, each complementary to opposite strands of
the vector, extend during temperature cycling by means of

15

Research Service Patent Culture Collection, Northern

Pfu DNA polymerase. On incorporation of the primers, a

Regional Research Center (NRRL).
Furthermore, such nucleic acid sequences may be iden
ti?ed and obtained from other sources including microor

mutated plasmid containing staggered nicks is generated.
FolloWing temperature cycling, the product is treated With
DpnI Which is speci?c for methylated and hemimethylated

ganisms isolated from nature (e.g., soil, composts, Water,

DNA to digest the parental DNA template and to select for

etc.) using the above-mentioned probes. Techniques for

mutation-containing synthesiZed DNA. Other procedures

isolating microorganisms from natural habitats are Well

knoWn in the art may also be used.
Nucleic Acid Constructs
The present invention also relates to nucleic acid con
structs comprising a nucleic acid sequence of the present

knoWn in the art. The nucleic acid sequence may then be

derived by similarly screening a genomic or cDNA library of
another microorganism. Once a nucleic acid sequence

25

encoding a polypeptide has been detected With the probe(s),
the sequence may be isolated or cloned by utiliZing tech

invention operably linked to one or more control sequences

(see, e.g., Sambrook et al., 1989, supra).

Which direct the expression of the coding sequence in a
suitable host cell under conditions compatible With the
control sequences. Expression Will be understood to include

The present invention also relates to mutant nucleic acid
sequences comprising at least one mutation in the mature

any step involved in the production of the polypeptide
including, but not limited to, transcription, post

polypeptide coding sequence of SEQ ID NO. 1, in Which the

transcriptional modi?cation, translation, post-translational

mutant nucleic acid sequence encodes a polypeptide Which
consists of amino acids 22 to 785 of SEQ ID NO. 2.

modi?cation, and secretion.

DNA can be effected, e.g, by using the Well knoWn poly
merase chain reaction (PCR) or antibody screening of
expression libraries to detect cloned DNA fragments With
shared structural features. See, e.g., Innis et al., 1990, PCR:
A Guide [0 Methods and Application, Academic Press, NeW
York. Other nucleic acid ampli?cation procedures such as

synonymous With the term expression cassette When the
nucleic acid construct contains all the control sequences

niques Which are knoWn to those of ordinary skill in the art

“Nucleic acid construct” is de?ned herein as a nucleic
The techniques used to isolate or clone a nucleic acid 35 acid molecule, either single- or double-stranded, Which is
isolated from a naturally occurring gene or Which has been
sequence encoding a polypeptide are knoWn in the art and
modi?ed to contain segments of nucleic acid Which are
include isolation from genomic DNA, preparation from
combined and juxtaposed in a manner Which Would not
cDNA, or a combination thereof. The cloning of the nucleic
otherWise exist in nature. The term nucleic acid construct is
acid sequences of the present invention from such genomic

required for expression of a coding sequence of the present
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ligase chain reaction (LCR), ligated activated transcription
(LAT) and nucleic acid sequence-based ampli?cation

genomic coding sequence are generally determined by a
ribosome binding site (prokaryotes) or by the ATG start
codon (eukaryotes) located just upstream of the open read
ing frame at the 5‘ end of the mRNA and a transcription
terminator sequence located just doWnstream of the open
reading frame at the 3‘ end of the mRNA. Acoding sequence

(NASBA) may be used. The nucleic acid sequence may be
cloned from a strain of Humicola, or another or related

organism and thus, for example, may be an allelic or species

variant of the polypeptide encoding region of the nucleic
acid sequence.
Anucleic acid sequence of the present invention may also

encode fused polypeptides or cleavable fusion polypeptides
in Which another polypeptide is fused at the N-terminus or
the C-terminus of the polypeptide or fragment thereof. A

invention. The term “coding sequence” is de?ned herein as
a nucleic acid sequence Which directly speci?es the amino
acid sequence of its protein product. The boundaries of a

55

can include, but is not limited to, DNA, cDNA, and recom
binant nucleic acid sequences.
An isolated nucleic acid sequence of the present invention
may be manipulated in a variety of Ways to provide for

expression of the polypeptide. Manipulation of the nucleic

fused polypeptide is produced by fusing a nucleic acid

acid sequence prior to its insertion into a vector may be
desirable or necessary depending on the expression vector.

sequence (or a portion thereof) encoding another polypep
tide to a nucleic acid sequence (or a portion thereof) of the

The techniques for modifying nucleic acid sequences utiliZ

present invention. Techniques for producing fusion polypep

ing recombinant DNA methods are Well knoWn in the art.
The term “control sequences” is de?ned herein to include
all components Which are necessary or advantageous for the

tides are knoWn in the art and include ligating the coding
sequences encoding the polypeptides so that they are in
frame and that expression of the fused polypeptide is under
control of the same promoter(s) and terminator.

Methods for Producing Mutant Nucleic Acid Sequences
The present invention further relates to methods for
producing a mutant nucleic acid sequence, comprising intro

expression of a polypeptide of the present invention. Each
control sequence may be native or foreign to the nucleic acid
65

sequence encoding the polypeptide. Such control sequences
include, but are not limited to, a leader, polyadenylation

sequence, propeptide sequence, promoter, signal peptide
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sequence, and transcription terminator. At a minimum, the
control sequences include a promoter, and transcriptional
and translational stop signals. The control sequences may be

Preferred terminators for ?lamentous fungal host cells are
obtained from the genes for Aspergillus oryzae TAKA

amylase, Aspergillus niger glucoamylase, Aspergillus nia'u
lans anthranilate synthase, Aspergillus niger alpha

provided With linkers for the purpose of introducing speci?c
restriction sites facilitating ligation of the control sequences
With the coding region of the nucleic acid sequence encod
ing a polypeptide. The term “operably linked” is de?ned

glucosidase, and Fusarium oxysporum trypsin-like protease.
Preferred terminators for yeast host cells are obtained

from the genes for Saccharomyces cerevisiae enolase, Sac

herein as a con?guration in Which a control sequence is

charomyces cerevisiae cytochrome C (CYC1), and Saccha
romyces cerevisiae glyceraldehyde-3-phosphate dehydroge

appropriately placed at a position relative to the coding
sequence of the DNA sequence such that the control
sequence directs the expression of a polypeptide.
The control sequence may be an appropriate promoter
sequence, a nucleic acid sequence Which is recogniZed by a
host cell for expression of the nucleic acid sequence. The
promoter sequence contains transcriptional control
sequences Which mediate the expression of the polypeptide.
The promoter may be any nucleic acid sequence Which
shoWs transcriptional activity in the host cell of choice

10

nase. Other useful terminators for yeast host cells are

described by Romanos et al, 1992, supra.
The control sequence may also be a suitable leader
sequence, a nontranslated region of an mRNA Which is

important for translation by the host cell. The leader
15

sequence is operably linked to the 5‘ terminus of the nucleic

acid sequence encoding the polypeptide. Any leader
sequence that is functional in the host cell of choice may be
used in the present invention.
Preferred leaders for ?lamentous fungal host cells are
obtained from the genes for Aspergillus oryzae TAKA

including mutant, truncated, and hybrid promoters, and may
be obtained from genes encoding extracellular or intracel

lular polypeptides either homologous or heterologous to the
host cell.

amylase and Aspergillus nidulans triose phosphate

Examples of suitable promoters for directing the tran
scription of the nucleic acid constructs of the present

isomerase.
Suitable leaders for yeast host cells are obtained from the

invention, especially in a bacterial host cell, are the promot
ers obtained from the E. coli lac operon, Streptomyces
coelicolor agarase gene (dagA), Bacillus subtilis levansu

genes for Saccharomyces cerevisiae enolase (ENO-l), Sac
25

romyces cerevisiae alpha-factor, and Saccharomyces cerevi
siae alcohol dehydrogenase/glyceraldehyde-3-phosphate

crase gene (sacB), Bacillus licheniformis alpha-amylase
gene (amyL), Bacillus stearothermophilus maltogenic amy

dehydrogenase (ADH2/GAP).

lase gene (amyM), Bacillus amyloliquefaciens alpha
amylase gene (amyQ), Bacillus licheniformis penicillinase
gene (penP), Bacillus subtilis xylA and xylB genes, and
prokaryotic beta-lactamase gene (Villa-Kamaroff et al.,
1978, Proceedings of the National Academy of Sciences USA

The control sequence may also be a polyadenylation
sequence, a sequence Which is operably linked to the 3‘

terminus of the nucleic acid sequence and Which, When
transcribed, is recogniZed by the host cell as a signal to add

polyadenosine residues to transcribed mRNA. Any polyade

75: 3727—3731), as Well as the tac promoter (DeBoer et al.,

1983, Proceedings of the National Academy of Sciences USA
80: 21—25). Further promoters are described in “Useful

charomyces cerevisiae 3-phosphoglycerate kinase, Saccha

35

proteins from recombinant bacteria” in Scienti?c American,
1980, 242: 74—94; and in Sambrook et al., 1989, supra.
Examples of suitable promoters for directing the tran
scription of the nucleic acid constructs of the present inven

nylation sequence Which is functional in the host cell of
choice may be used in the present invention.
Preferred polyadenylation sequences for ?lamentous fun
gal host cells are obtained from the genes for Aspergillus

oryzae TAKA amylase, Aspergillus niger glucoamylase,

tion in a ?lamentous fungal host cell are promoters obtained

Aspergillus nidulans anthranilate synthase, Fusarium
oxysporum trypsin-like protease, and Aspergillus niger

from the genes for Aspergillus oryzae TAKA amylase,

alpha-glucosidase.

Rhizomucor miehei aspartic proteinase, Aspergillus niger
neutral alpha-amylase, Aspergillus niger acid stable alpha
amylase, Aspergillus niger or Aspergillus awamori glu
coamylase (glaA), Rhizomucor miehei lipase, Aspergillus

described by Guo and Sherman, 1995, Molecular Cellular
Biology 15: 5983—5990.
The control sequence may also be a signal peptide coding

Useful polyadenylation sequences for yeast host cells are

45

oryzae alkaline protease, Aspergillus oryzae triose phos

region that codes for an amino acid sequence linked to the
amino terminus of a polypeptide and directs the encoded

phate isomerase, Aspergillus nidulans acetamidase,
Fusarium oxysporum trypsin-like protease (WO 96/00787),

polypeptide into the cell’s secretory pathWay. The 5‘ end of

as Well as the NA2-tpi promoter (a hybrid of the promoters
from the genes for Aspergillus niger neutral alpha-amylase

inherently contain a signal peptide coding region naturally

and Aspergillus oryzae triose phosphate isomerase); and
mutant, truncated, and hybrid promoters thereof.

coding region Which encodes the secreted polypeptide.

In a yeast host, useful promoters are obtained from the

Alternatively, the 5‘ end of the coding sequence may contain

the coding sequence of the nucleic acid sequence may

linked in translation reading frame With the segment of the

genes for Saccharomyces cerevisiae enolase (ENO-l), Sac

charomyces cerevisiae galactokinase (GAL1), Saccharomy

55

a signal peptide coding region Which is foreign to the coding
sequence. The foreign signal peptide coding region may be

ces cerevisiae alcohol dehydrogenase/glyceraldehyde-3

required Where the coding sequence does not naturally

phosphate dehydrogenase (ADH2/GAP), and

contain a signal peptide coding region. Alternatively, the

Saccharomyces cerevisiae 3-phosphoglycerate kinase. Other

foreign signal peptide coding region may simply replace the

useful promoters for yeast host cells are described by
Romanos et al, 1992, Yeast 8: 423—488.
The control sequence may also be a suitable transcription

natural signal peptide coding region in order to enhance
secretion of the polypeptide. HoWever, any signal peptide
coding region Which directs the expressed polypeptide into

terminator sequence, a sequence recogniZed by a host cell to

the secretory pathWay of a host cell of choice may be used
in the present invention.

terminate transcription. The terminator sequence is operably

Effective signal peptide coding regions for bacterial host

linked to the 3‘ terminus of the nucleic acid sequence

encoding the polypeptide. Any terminator Which is func
tional in the host cell of choice may be used in the present
invention.
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cells are the signal peptide coding regions obtained from the
genes for Bacillus NCIB 11837 maltogenic amylase, Bacil

lus stearothermophilus alpha-amylase, Bacillus lichenifor
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mis subtilisin, Bacillus licheniformis beta-lactamase, Bacil

sequence of the present invention may be expressed by

lus stearothermophilus neutral proteases (nprT, nprS, nprM),

inserting the nucleic acid sequence or a nucleic acid con

and Bacillus subtilis prsA. Further signal peptides are

struct comprising the sequence into an appropriate vector for

described by Simonen and Palva, 1993, Microbiological

expression. In creating the expression vector, the coding

Reviews 57: 109—137.

sequence is located in the vector so that the coding sequence

Effective signal peptide coding regions for ?lamentous
fungal host cells are the signal peptide coding regions

expression.

is operably linked With the appropriate control sequences for

obtained from the genes for Aspergillus oryzae TAKA

amylase, Aspergillus niger neutral amylase, Aspergillus
niger glucoamylase, Rhizomucor miehei aspartic proteinase,

10

Humicola insolens cellulase, and Humicola lanuginosa

lipase.
In a preferred embodiment, the signal peptide coding
region is nucleotides 71 to 134 of SEQ ID NO. 1, Which
encode amino acids 1 to 21 of SEQ ID NO. 2.
Useful signal peptides for yeast host cells are obtained

from the genes for Saccharomyces cerevisiae alpha-factor
and Saccharomyces cerevisiae invertase. Other useful signal
peptide coding regions are described by Romanos et al.,
1992, supra.

vector With the host cell into Which the vector is to be
introduced. The vectors may be linear or closed circular
15

plasmids.
The vector may be an autonomously replicating vector,
i.e., a vector Which exists as an extrachromosomal entity, the

replication of Which is independent of chromosomal
replication, e.g., a plasmid, an extrachromosomal element, a
20

minichromosome, or an arti?cial chromosome. The vector

may contain any means for assuring self-replication.
Alternatively, the vector may be one Which, When intro
duced into the host cell, is integrated into the genome and

The control sequence may also be a propeptide coding
region that codes for an amino acid sequence positioned at
the amino terminus of a polypeptide. The resultant polypep

replicated together With the chromosome(s) into Which it has

tide is knoWn as a proenZyme or propolypeptide (or a

Zymogen in some cases). A propolypeptide is generally

The recombinant expression vector may be any vector
(e.g., a plasmid or virus) Which can be conveniently sub
jected to recombinant DNA procedures and can bring about
the expression of the nucleic acid sequence. The choice of
the vector Will typically depend on the compatibility of the

25

been integrated. Furthermore, a single vector or plasmid or

inactive and can be converted to a mature active polypeptide

tWo or more vectors or plasmids Which together contain the

by catalytic or autocatalytic cleavage of the propeptide from
the propolypeptide. The propeptide coding region may be

total DNA to be introduced into the genome of the host cell,
or a transposon may be used.

The vectors of the present invention preferably contain

obtained from the genes for Bacillus subtilis alkaline pro

tease (aprE), Bacillus subtilis neutral protease (nprT), Sac
charomyces cerevisiae alpha-factor, Rhizomucor miehei

30

aspartic proteinase, and Myceliophthora thermophila lac
case (WO 95/33836).

product of Which provides for biocide or viral resistance,

resistance to heavy metals, prototrophy to auxotrophs, and

Where both signal peptide and propeptide regions are
present at the amino terminus of a polypeptide, the propep
tide region is positioned next to the amino terminus of the

one or more selectable markers Which permit easy selection
of transformed cells. A selectable marker is a gene the

35

the like. Examples of bacterial selectable markers are the dal
genes from Bacillus subtilis or Bacillus licheniformis, or
markers Which confer antibiotic resistance such as

polypeptide and the signal peptide region is positioned next

ampicillin, kanamycin, chloramphenicol or tetracycline

to the amino terminus of the propeptide region.

resistance. Suitable markers for yeast host cells are ADE2,

HIS3, LEU2, LYS2, MET3, TRP1, and URA3. Selectable

It may also be desirable to add regulatory sequences

Which alloW the regulation of the expression of the polypep
tide relative to the groWth of the host cell. Examples of

40

markers for use in a ?lamentous fungal host cell include, but

are not limited to, amdS (acetamidase), argB (ornithine

carbamoyltransferase), bar (phosphinothricin

regulatory systems are those Which cause the expression of
the gene to be turned on or off in response to a chemical or

acetyltransferase), hph (hygromycin phosphotransferase),

physical stimulus, including the presence of a regulatory

niaD (nitrate reductase), pyrG (orotidine-5‘-phosphate
decarboxylase), sC (sulfate adenyltransferase), and trpC

compound. Regulatory systems in prokaryotic systems

45

include the lac, tac, and trp operator systems. In yeast, the

(anthranilate synthase), as Well as equivalents thereof. Pre

ADH2 system or GAL1 system may be used. In ?lamentous

ferred for use in an Aspergillus cell are the amdS and pyrG

fungi, the TAKA alpha-amylase promoter, Aspergillus niger
glucoamylase promoter, and Aspergillus oryzae glucoamy

genes of Aspergillus nidulans or Aspergillus oryzae and the

lase promoter may be used as regulatory sequences. Other
examples of regulatory sequences are those Which alloW for

bar gene of Streptomyces hygroscopicus.
50

gene ampli?cation. In eukaryotic systems, these include the
dihydrofolate reductase gene Which is ampli?ed in the
presence of methotrexate, and the metallothionein genes
Which are ampli?ed With heavy metals. In these cases, the
nucleic acid sequence encoding the polypeptide Would be

cell’s genome or autonomous replication of the vector in the

55

cell independent of the genome.
For integration into the host cell genome, the vector may
rely on the nucleic acid sequence encoding the polypeptide
or any other element of the vector for integration of the

operably linked With the regulatory sequence.
Expression Vectors
The present invention also relates to recombinant expres
sion vectors comprising a nucleic acid sequence of the

The vectors of the present invention preferably contain an

element(s) that permits integration of the vector into the host

vector into the genome by homologous or nonhomologous
recombination. Alternatively, the vector may contain addi

tional nucleic acid sequences for directing integration by
60

present invention, a promoter, and transcriptional and trans
lational stop signals. The various nucleic acid and control
sequences described above may be joined together to pro

homologous recombination into the genome of the host cell.
The additional nucleic acid sequences enable the vector to
be integrated into the host cell genome at a precise location

(s) in the chromosome(s). To increase the likelihood of
integration at a precise location, the integrational elements

duce a recombinant expression vector Which may include

tion or substitution of the nucleic acid sequence encoding

should preferably contain a suf?cient number of nucleic
acids, such as 100 to 10,000 base pairs, preferably 400 to

the polypeptide at such sites. Alternatively, the nucleic acid

10,000 base pairs, and most preferably 800 to 10,000 base

one or more convenient restriction sites to alloW for inser

65
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pairs, Which are highly homologous With the corresponding
target sequence to enhance the probability of homologous

The introduction of a vector into a bacterial host cell may,

for instance, be effected by protoplast transformation (see,

recombination. The integrational elements may be any
sequence that is homologous With the target sequence in the
genome of the host cell. Furthermore, the integrational
elements may be non-encoding or encoding nucleic acid
sequences. On the other hand, the vector may be integrated
into the genome of the host cell by non-homologous recom
bination.

e.g., Chang and Cohen, 1979, Molecular General Genetics

168: 111—115), using competent cells (see, e.g., Young and
SpiZiZin, 1961, Journal of Bacteriology 81: 823—829, or
Dubnau and Davidoff-Abelson, 1971,Journal of Molecular

Biology 56: 209—221), electroporation (see, e.g., ShigekaWa
and DoWer, 1988, Biotechniques 6: 742—751), or conjuga
tion (see, e.g., Koehler and Thorne, 1987, Journal of Bac

For autonomous replication, the vector may further com

teriology 169: 5771—5278).

prise an origin of replication enabling the vector to replicate
autonomously in the host cell in question. Examples of
bacterial origins of replication are the origins of replication

of plasmids pBR322, pUC19, pACYC177, and pACYC184
permitting replication in E. coli, and pUB110, pE194,
pTA1060, and pAM[31 permitting replication in Bacillus.

The host cell may be a eukaryote, such as a mammalian,

insect, plant, or fungal cell.
In a preferred embodiment, the host cell is a fungal cell.

“Fungi” as used herein includes the phyla Ascomycota,
15

Dictionary of The Fungi, 8th edition, 1995, CAB
International, University Press, Cambridge, UK) as Well as
the Oomycota (as cited in HaWksWorth et al., 1995, supra,
page 171) and all mitosporic fungi (HaWksWorth et al., 1995 ,

supra).

ings of the National Academy of Sciences USA 75: 1433).

In a more preferred embodiment, the fungal host cell is a
yeast cell. “Yeast” as used herein includes ascosporogenous

More than one copy of a nucleic acid sequence of the

present invention may be inserted into the host cell to

increase production of the gene product. An increase in the

25

purposes of this invention, yeast shall be de?ned as

described in Biology and Activities of Yeast (Skinner, F. A.,
Passmore, S. M., and Davenport, R. R., eds, Soc. App.
Bacteriol. Symposium Series No. 9, 1980).

cells containing ampli?ed copies of the selectable marker
gene, and thereby additional copies of the nucleic acid
sequence, can be selected for by cultivating the cells in the
presence of the appropriate selectable agent.
The procedures used to ligate the elements described

In an even more preferred embodiment, the yeast host cell

is a Candida, Hansenula, Kluyveromyces, Pichia,
Saccharomyces, SchiZosaccharomyces, or YarroWia cell.
In a most preferred embodiment, the yeast host cell is a
35

present invention are Well knoWn to one skilled in the art

Saccharomyces carlsbergensis, Saccharomyces cerevisiae,
Saccharomyces diastaticus, Saccharomyces douglasii, Sac
charomyces kluyveri, Saccharomyces norbensis or Saccha
romyces oviformis cell. In another most preferred
embodiment, the yeast host cell is a Kluyveromyces lactis
cell. In another most preferred embodiment, the yeast host

(see, e.g., Sambrook et al., 1989, supra).
Host Cells
The present invention also relates to recombinant host

cells, comprising a nucleic acid sequence of the invention,
Which are advantageously used in the recombinant produc
tion of the polypeptides. Avector comprising a nucleic acid

cell is a Yarrowia lipolytica cell.

sequence of the present invention is introduced into a host
cell so that the vector is maintained as a chromosomal
integrant or as a self-replicating extra-chromosomal vector 45

In another more preferred embodiment, the fungal host
cell is a ?lamentous fungal cell. “Filamentous fungi” include
all ?lamentous forms of the subdivision Eumycota and

Oomycota (as de?ned by HaWksWorth et al., 1995, supra).
The ?lamentous fungi are generally characteriZed by a

as described earlier. The term “host cell” encompasses any
progeny of a parent cell that is not identical to the parent cell

mycelial Wall composed of chitin, cellulose, glucan,
chitosan, mannan, and other complex polysaccharides. Veg
etative groWth is by hyphal elongation and carbon catabo
lism is obligately aerobic. In contrast, vegetative groWth by

due to mutations that occur during replication. The choice of
a host cell Will to a large extent depend upon the gene
encoding the polypeptide and its source.

yeasts such as Saccharomyces cerevisiae is by budding of a
unicellular thallus and carbon catabolism may be fermenta
tive.

The host cell may be a unicellular microorganism, e.g., a
prokaryote, or a non-unicellular microorganism, e.g., a

eukaryote.
Useful unicellular cells are bacterial cells such as gram

positive bacteria including, but not limited to, a Bacillus cell,

yeast (Endomycetales), basidiosporogenous yeast, and yeast
belonging to the Fungi Imperfecti (Blastomycetes). Since
the classi?cation of yeast may change in the future, for the

copy number of the nucleic acid sequence can be obtained
by integrating at least one additional copy of the sequence
into the host cell genome or by including an ampli?able
selectable marker gene With the nucleic acid sequence Where

above to construct the recombinant expression vectors of the

Basidiomycota, Chytridiomycota, and Zygomycota (as
de?ned by HaWksWorth et al., In, Ainsworth and Bisby’s

Examples of origins of replication for use in a yeast host cell
are the 2 micron origin of replication, ARS1, ARS4, the
combination of ARS1 and CEN3, and the combination of
ARS4 and CEN6. The origin of replication may be one
having a mutation Which makes its functioning temperature
sensitive in the host cell (see, e.g., Ehrlich, 1978, Proceed

In an even more preferred embodiment, the ?lamentous
55

fungal host cell is a cell of a species of, but not limited to,

e.g., Bacillus alkalophilus, Bacillus amyloliquefaciens,
Bacillus brevis, Bacillus circulans, Bacillus clausii, Bacillus
coagulans, Bacillus lautus, Bacillus lentus, Bacillus
licheniformis, Bacillus megaterium, Bacillus
stearothermophilus, Bacillus subtilis, and Bacillus thuring

Acremonium, Aspergillus, Fusarium, Humicola, Mucor,
Myceliophthora, Neurospora, Penicillium, Thielavia,

iensis; or a Streptomyces cell, e.g., Streptomyces livia'ans
and Streptomyces murinus, or gram negative bacteria such as
E. coli and Pseudomonas sp. In a preferred embodiment, the
bacterial host cell is aBacillus lentus, Bacillus licheniformis,
Bacillus stearothermophilus or Bacillus subtilis cell. In
another preferred embodiment, the Bacillus cell is an alkalo

Aspergillus japonicus, Aspergillus nidulans, Aspergillus

philic Bacillus.

Tolypocladium, or Trichoderma.

In a most preferred embodiment, the ?lamentous fungal

host cell is an Aspergillus awamori, Aspergillus foetia'us,
niger or Aspergillus oryzae cell. In another most preferred
embodiment, the ?lamentous fungal host cell is a Fusarium
65

bactridioides, Fusarium cerealis, Fusarium crookwellense,
Fusarium culmorum, Fusarium graminearum, Fusarium

graminum, Fusarium heterosporum, Fusarium negundi,
Fusarium oxysporum, Fusarium reticulatum, Fusarium

US 6,280,976 B1
17

18

roseum, Fusarium sambucinum, Fusarium sarcochroum,

used to determine the activity of the polypeptide as
described herein.

Fusarium sporotrichioides, Fusarium sulphureum,
Fusarium torulosum, Fusarium trichothecioides, or

The resulting polypeptide may be recovered by methods

Fusarium venenatum cell. In an even most preferred

knoWn in the art. For example, the polypeptide may be
recovered from the nutrient medium by conventional pro
cedures including, but not limited to, centrifugation,

embodiment, the ?lamentous fungal parent cell is a
Fusarium venenatum (Nirenberg sp. nov.) cell. In another
most preferred embodiment, the ?lamentous fungal host cell
is a Humicola insolens, Humicola lanuginosa, Mucor

?ltration, extraction, spray-drying, evaporation, or precipi
tation.

miehei, Myceliophthora thermophila, Neurospora crassa,
Penicillium purpurogenum, Thielavia terrestris, Tricho

The polypeptides may be puri?ed by a variety of proce
10

matography (e.g., ion exchange, affinity, hydrophobic,

derma harzianum, Trichoderma koningii, Trichoderma
longibrachiatum, Trichoderma reesei, or Trichoderma

chromatofocusing, and siZe exclusion), electrophoretic pro
cedures (e.g., preparative isoelectric focusing), differential
solubility (e.g., ammonium sulfate precipitation), SDS

viride cell.

Fungal cells may be transformed by a process involving

protoplast formation, transformation of the protoplasts, and

dures knoWn in the art including, but not limited to, chro

15

regeneration of the cell Wall in a manner knoWn per se.

PAGE, or extraction (see, e.g., Protein Puri?cation, J .-C.
J anson and Lars Ryden, editors, VCH Publishers, NeW York,

Suitable procedures for transformation of Aspergillus host

1989).

cells are described in EP 238 023 and Yelton et al., 1984,

Plants
The present invention also relates to a transgenic plant,
plant part, or plant cell Which has been transformed With a

Proceedings of the National Academy of Sciences USA 81:
1470—1474. Suitable methods for transforming Fusarium
species are described by Malardier et al., 1989, Gene 78:
147—156, and WO 96/00787. Yeast may be transformed

nucleic acid sequence encoding a polypeptide having cello
biose dehydrogenase activity of the present invention so as
to express and produce the polypeptide in recoverable

using the procedures described by Becker and Guarente, In
Abelson, J. N. and Simon, M. I., editors, Guide to Yeast
Genetics and Molecular Biology, Methods in Enzymology,

25

quantities. The polypeptide may be recovered from the plant
or plant part. Alternatively, the plant or plant part containing

Volume 194, pp 182—187, Academic Press, Inc., NeW York;
Ito et al., 1983, Journal of Bacteriology 153: 163; and
Hinnen et al, 1978, Proceedings of the National Academy of

the recombinant polypeptide may be used as such for
improving the quality of a food or feed, e.g., improving

Sciences USA 75: 1920.
Methods of Production

to destroy an antinutritive factor.

nutritional value, palatability, and rheological properties, or
The transgenic plant can be dicotyledonous (a dicot) or

monocotyledonous (a monocot). Examples of monocot

The present invention also relates to methods for produc

ing a polypeptide having cellobiose dehydrogenase activity
comprising (a) cultivating a host cell under conditions
suitable for production of the polypeptide; and (b) recover

ing the polypeptide.

plants are grasses, such as meadoW grass (blue grass, Poa),
forage grass such as festuca, lolium, temperate grass, such as
35

The present invention also relates to methods for produc

Agrostis, and cereals, e.g., Wheat, oats, rye, barley, rice,
sorghum, and maiZe (corn).

least one mutation in the mature polypeptide coding region
of SEQ ID NO. 1, Wherein the mutant nucleic acid sequence

Examples of dicot plants are tobacco, legumes, such as
lupins, potato, sugar beet, pea, bean and soybean, and
cruciferous plants (family Brassicaceae), such as
cauli?oWer, rape seed, and the closely related model organ
ism Arabidopsis thaliana.
Examples of plant parts are stem, callus, leaves, root,
fruits, seeds, and tubers. Also speci?c plant tissues, such as

encodes a polypeptide Which consists of amino acids 22 to

chloroplast, apoplast, mitochondria, vacuole, peroxisomes,

ing a polypeptide having cellobiose dehydrogenase activity
comprising (a) cultivating a host cell under conditions
conducive for production of the polypeptide, Wherein the
host cell comprises a mutant nucleic acid sequence having at

785 of SEQ ID NO. 2, and (b) recovering the polypeptide.
In the production methods of the present invention, the

and cytoplasm are considered to be a plant part.
45

considered to be a plant part.
Also included Within the scope of the present invention

cells are cultivated in a nutrient medium suitable for pro

duction of the polypeptide using methods knoWn in the art.
For example, the cell may be cultivated by shake ?ask
cultivation, and small-scale or large-scale fermentation
(including continuous, batch, fed-batch, or solid state
fermentations) in laboratory or industrial fermentors per
formed in a suitable medium and under conditions alloWing
the polypeptide to be expressed and/or isolated. The culti
vation takes place in a suitable nutrient medium comprising

carbon and nitrogen sources and inorganic salts, using

are the progeny of such plants, plant parts and plant cells.
The transgenic plant or plant cell expressing a polypeptide
of the present invention may be constructed in accordance
With methods knoWn in the art. Brie?y, the plant or plant cell
is constructed by incorporating one or more expression
constructs encoding a polypeptide of the present invention
55

from commercial suppliers or may be prepared according to

published compositions (e.g., in catalogues of the American
Type Culture Collection). If the polypeptide is secreted into

formation of an enZyme product, or disappearance of an
enZyme substrate. For example, an enZyme assay may be

into the plant host genome and propagating the resulting
modi?ed plant or plant cell into a transgenic plant or plant
cell.
Conveniently, the expression construct is a nucleic acid
construct Which comprises a nucleic acid sequence encoding
a polypeptide of the present invention operably linked With

procedures knoWn in the art. Suitable media are available

the nutrient medium, the polypeptide can be recovered
directly from the medium. If the polypeptide is not secreted,
it can be recovered from cell lysates.
The polypeptides may be detected using methods knoWn
in the art that are speci?c for the polypeptides. These
detection methods may include use of speci?c antibodies,

Furthermore, any plant cell, Whatever the tissue origin, is

appropriate regulatory sequences required for expression of
the nucleic acid sequence in the plant or plant part of choice.
Furthermore, the expression construct may comprise a
selectable marker useful for identifying host cells into Which
the expression construct has been integrated and DNA
65

sequences necessary for introduction of the construct into

the plant in question (the latter depends on the DNA intro
duction method to be used).

US 6,280,976 B1
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The choice of regulatory sequences, such as promoter and
terminator sequences and optionally signal or transit
sequences is determined, for example, on the basis of When,

Technology 10: 667—674). An alternative method for trans
formation of monocots is based on protoplast transformation

as described by Omirulleh et al., 1993, Plant Molecular

Where, and hoW the polypeptide is desired to be expressed.
For instance, the expression of the gene encoding a polypep

Biology 21: 415—428.

tide of the present invention may be constitutive or

incorporated therein the expression construct are selected

inducible, or may be developmental, stage or tissue speci?c,
and the gene product may be targeted to a speci?c tissue or
plant part such as seeds or leaves. Regulatory sequences are,

Well-knoWn in the art.

for example, described by Tague et al., 1988, Plant Physi
ology 86: 506.

FolloWing transformation, the transformants having
and regenerated into Whole plants according to methods
The present invention also relates to methods for produc
10

cultivating a transgenic plant or a plant cell comprising a

nucleic acid sequence encoding a polypeptide having cello
biose dehydrogenase activity of the present invention under
conditions conducive for production of the polypeptide; and

For constitutive expression, the 35S-CaMV promoter may

be used (Franck et al., 1980, Cell 21: 285—294). Organ
speci?c promoters may be, for example, a promoter from
storage sink tissues such as seeds, potato tubers, and fruits

ing a polypeptide of the present invention comprising (a)

15

(b) recovering the polypeptide.

(EdWards & CoruZZi, 1990, Ann. Rev. Genet. 24: 275—303),

Removal or Reduction of Cellobiose Dehydrogenase Activ

or from metabolic sink tissues such as meristems (Ito et al.,

ity

1994, Plant Mol. Biol. 24: 863—878), a seed speci?c pro
moter such as the glutelin, prolamin, globulin, or albumin

The present invention also relates to methods for produc
ing a mutant cell of a parent cell, Which comprises disrupting

promoter from rice (Wu et al, 1998, Plant and Cell Physi
ology 39: 885—889), a Vicia faba promoter from the legumin
B4 and the unknoWn seed protein gene from Wcia faba
(Conrad et al., 1998, Journal of Plant Physiology 152:
708—711), a promoter from a seed oil body protein (Chen et
al, 1998, Plant and Cell Physiology 39: 935—941), the
storage protein napA promoter from Brassica napus, or any
other seed speci?c promoter knoWn in the art, e.g., as
described in WO 91/14772. Furthermore, the promoter may
be a leaf speci?c promoter such as the rbcs promoter from
rice or tomato (KyoZuka et al., 1993, Plant Physiology 102:

20

cell producing less of the polypeptide having cellobiose
dehydrogenase activity encoded by the nucleic acid
sequence than the parent cell When cultivated under the
25 same conditions.

The construction of strains that have reduced cellobiose

dehydrogenase activity may be conveniently accomplished
by modi?cation or inactivation of a nucleic acid sequence
30

991—1000), the chlorella virus adenine methyltransferase
gene promoter (Mitra and Higgins, 1994, Plant Molecular
Biology 26: 85—93), or the aldP gene promoter from rice

necessary for expression of the polypeptide having cello
biose dehydrogenase activity in the cell. The nucleic acid
sequence to be modi?ed or inactivated may be, for example,
a nucleic acid sequence encoding the polypeptide or a part

thereof essential for exhibiting cellobiose dehydrogenase

(Kagaya et al., 1995, Molecular and General Genetics 248:
668—674), or a Wound inducible promoter such as the potato

or deleting a nucleic acid sequence of the present invention
or a control sequence thereof, Which results in the mutant

activity, or the nucleic acid sequence may have a regulatory
35

function required for the expression of the polypeptide from

pin2 promoter (Xu et al., 1993, Plant Molecular Biology 22:

the coding sequence of the nucleic acid sequence. An

573—588).

example of such a regulatory or control sequence may be a
promoter sequence or a functional part thereof, i.e., a part

Apromoter enhancer element may also be used to achieve

Which is suf?cient for affecting expression of the polypep

higher expression of the enZyme in the plant. For instance,
the promoter enhancer element may be an intron Which is

placed betWeen the promoter and the nucleotide sequence
encoding a polypeptide of the present invention. For
instance, Xu et al., 1993, supra disclose the use of the ?rst
intron of the rice actin 1 gene to enhance expression.
The selectable marker gene and any other parts of the
expression construct may be chosen from those available in

40

tide. Other control sequences for possible modi?cation are
described above.
Modi?cation or inactivation of the nucleic acid sequence

may be performed by subjecting the cell to mutagenesis and
selecting or screening for cells in Which the cellobiose
45

dehydrogenase producing capability has been reduced. The
mutagenesis, Which may be speci?c or random, may be
performed, for example, by use of a suitable physical or
chemical mutageniZing agent, by use of a suitable
oligonucleotide, or by subjecting the DNA sequence to PCR

the art.

The nucleic acid construct is incorporated into the plant
genome according to conventional techniques knoWn in the

art, including Agrobacterium-mediated transformation,
virus-mediated transformation, microinjection, particle
bombardment, biolistic transformation, and electroporation

be performed by use of any combination of these mutageniZ

(Gasser et al., 1990, Science 244: 1293; Potrykus, 1990,

Examples of a physical or chemical mutageniZing agent
suitable for the present purpose include ultraviolet (UV)

generated mutagenesis. Furthermore, the mutagenesis may

ing agents.

Bio/Technology 8: 535; Shimamoto et al, 1989, Nature 338:

Presently, A grobacterium tumefaciens-mediated gene

irradiation, hydroxylamine, N-methyl-N‘-nitro-N
nitrosoguanidine (MNNG), O-methyl hydroxylamine,

transfer is the method of choice for generating transgenic
dicots (for a revieW, see Hooykas and Schilperoort, 1992,

nitrous acid, ethyl methane sulphonate (EMS), sodium
bisulphite, formic acid, and nucleotide analogues.

274).

55

Plant Molecular Biology 19: 15—38). HoWever it can also be

used for transforming monocots, although other transforma
tion methods are generally preferred for these plants.
Presently, the method of choice for generating transgenic
monocots is particle bombardment (microscopic gold or
tungsten particles coated With the transforming DNA) of

60

embryonic calli or developing embryos (Christou, 1992,
PlantJournal 2: 275—281; Shimamoto, 1994, Current Opin

65

ion Biotechnology 5: 158—162; Vasil et al., 1992, Bio/

When such agents are used, the mutagenesis is typically
performed by incubating the cell to be mutageniZed in the
presence of the mutageniZing agent of choice under suitable

conditions, and selecting for cells exhibiting reduced cello
biose dehydrogenase activity or production.
Modi?cation or inactivation of production of a polypep
tide encoded by a nucleic acid sequence of the present

invention may be accomplished by introduction,
substitution, or removal of one or more nucleotides in the
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nucleic acid sequence encoding the polypeptide or a regu

capable of inhibiting cellobiose dehydrogenase activity to

latory element required for the transcription or translation

the fermentation broth before, during, or after the fermen

thereof. For example, nucleotides may be inserted or

tation has been completed, recovering the product of interest
from the fermentation broth, and optionally subjecting the
recovered product to further puri?cation.

removed so as to result in the introduction of a stop codon,
the removal of the start codon, or a change of the open

reading frame. Such modi?cation or inactivation may be

In a further aspect, the present invention relates to a

accomplished by site-directed mutagenesis or PCR gener
ated mutagenesis in accordance With methods knoWn in the
art. Although, in principle, the modi?cation may be per
formed in vivo, i.e., directly on the cell expressing the
nucleic acid sequence to be modi?ed, it is preferred that the
modi?cation be performed in vitro as exempli?ed beloW.

method for producing a protein product essentially free of

cellobiose dehydrogenase activity by cultivating the cell
under conditions permitting the expression of the product,
10

subjecting the resultant culture broth to a combined pH and
temperature treatment so as to reduce the cellobiose dehy

drogenase activity substantially, and recovering the product

An example of a convenient Way to eliminate or reduce

from the culture broth. Alternatively, the combined pH and

production by a host cell is by gene replacement or gene
interruption. In the gene interruption method, a nucleic acid
sequence corresponding to the endogenous gene or gene
fragment of interest is mutageniZed in vitro to produce a
defective nucleic acid sequence Which is then transformed
into the host cell to produce a defective gene. By homolo
gous recombination, the defective nucleic acid sequence
replaces the endogenous gene or gene fragment. It may be

temperature treatment may be performed on an enZyme
15

combination With a treatment With a cellobiose dehydroge
nase inhibitor.

In accordance With this aspect of the invention, it is
possible to remove at least 60%, preferably at least 75%,
more preferably at least 85%, still more preferably at least
95%, and most preferably at least 99% of the cellobiose

desirable that the defective gene or gene fragment also
encodes a marker Which may be used for selection of

dehydrogenase activity. Complete removal of cellobiose

transformants in Which the gene encoding the polypeptide
has been modi?ed or destroyed.
Alternatively, modi?cation or inactivation of the nucleic

dehydrogenase activity may be obtained by use of this
25

method.

The combined pH and temperature treatment is preferably

acid sequence may be performed by established anti-sense
techniques using a nucleotide sequence complementary to
the polypeptide encoding sequence. More speci?cally, pro

carried out at a pH in the range of 6.5—7 and a temperature
in the range of 40—70° C. for a sufficient period of time to

attain the desired effect, Where typically, 30 to 60 minutes is
suf?cient.
The methods used for cultivation and puri?cation of the

duction of the polypeptide by a cell may be reduced or

eliminated by introducing a nucleotide sequence comple
mentary to the nucleic acid sequence encoding the polypep
tide Which may be transcribed in the cell and is capable of
hybridiZing to the polypeptide mRNA produced in the cell.
Under conditions alloWing the complementary anti-sense
nucleotide sequence to hybridiZe to the polypeptide mRNA,

preparation recovered from the culture broth. The combined
pH and temperature treatment may optionally be used in

product of interest may be performed by methods knoWn in
the art.

The methods of the present invention for producing an
35

essentially cellobiose dehydrogenase-free product is of par
ticular interest in the production of eukaryotic polypeptides,
in particular fungal proteins such as enZymes. The enZyme
may be selected from, e.g., an amylolytic enZyme, lipolytic
enZyme, proteolytic enZyme, cellulytic enZyme,
oxidoreductase, or plant cell-Wall degrading enZyme.
Examples of such enZymes include an aminopeptidase,

the amount of polypeptide translated is thus reduced or
eliminated.
It is preferred that the cell to be modi?ed in accordance
With the methods of the present invention is of microbial

origin, for example, a fungal strain Which is suitable for the

The polypeptide-de?cient mutant cells so created are

amylase, amyloglucosidase, carbohydrase,
carboxypeptidase, catalase, cellulase, chitinase, cutinase,
cyclodextrin glycosyltransferase, deoxyribonuclease,
esterase, galactosidase, beta-galactosidase, glucoamylase,
glucose oxidase, glucosidase, haloperoxidase,
hemicellulase, invertase, isomerase, laccase, ligase, lipase,
lyase, mannosidase, oxidase, pectinolytic enZyme,
peroxidase, phytase, phenoloxidase, polyphenoloxidase,

particularly useful as host cells for the expression of

proteolytic enZyme, ribonuclease, transferase,

homologous and/or heterologous polypeptides. Therefore,

transglutaminase, or xylanase. The cellobiose
dehydrogenase-de?cient cells may also be used to express
heterologous proteins of pharmaceutical interest such as

production of desired protein products, either homologous
or heterologous to the cell.
The present invention further relates to a mutant cell of a
parent cell Which comprises a disruption or deletion of a 45
nucleic acid sequence encoding the polypeptide or a control

sequence thereof, Which results in the mutant cell producing
less of the polypeptide than the parent cell.

the present invention further relates to methods for produc

ing a homologous or heterologous polypeptide comprising
(a) cultivating the mutant cell under conditions conducive

for production of the polypeptide; and (b) recovering the
polypeptide. The term “heterologous polypeptides” is

hormones, groWth factors, receptors, and the like.
55

de?ned herein as polypeptides Which are not native to the

It Will be understood that the term “eukaryotic polypep
tides” includes not only native polypeptides, but also those
polypeptides, e.g., enZymes, Which have been modi?ed by

host cell, a native protein in Which modi?cations have been

amino acid substitutions, deletions or additions, or other

made to alter the native sequence, or a native protein Whose
expression is quantitatively altered as a result of a manipu

such modi?cations to enhance activity, thermostability, pH
tolerance and the like.

lation of the host cell by recombinant DNA techniques.

In a further aspect, the present invention relates to a

protein product essentially free from cellobiose dehydroge

In a further aspect, the present invention relates to a

method for producing a protein product essentially free of
cellobiose dehydrogenase activity by fermentation of a cell
Which produces both a polypeptide encoded by a nucleic
acid sequence of the present invention as Well as the protein
product of interest by adding an effective amount of an agent

65

nase activity Which is produced by a method of the present
invention.
Use

The polypeptides encoded by the nucleic acid sequences
of the present invention may be used in a pulp bleaching
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process under alkaline conditions using the methods
described in WO 94/01538.

M NaCl. The eluate containing the cellobiose dehydroge
nase activity Was adjusted to pH 5.0 With HCl and applied

Signal Peptide

on an S-Sepharose column in 20 mM sodium citrate pH 5.
This column bound most of the cellulases While the cello
biose dehydrogenase Was eluted With the eluent. The pH of
the eluate Was adjusted to 7.0, and the eluate Was applied on

The present invention also relates to nucleic acid con

structs comprising a gene encoding a protein operably linked
to one or both of a ?rst nucleic acid sequence consisting of

nucleotides 71 to 134 of SEQ ID NO. 1 encoding a signal
peptide consisting of amino acids 1 to 21 of SEQ ID NO. 2,
Wherein the gene is foreign to the nucleic acid sequence.
The present invention also relates to recombinant expres
sion vectors and recombinant host cells comprising such

an anion eXchange column (HPQ-Sepharose) previously
equilibrated With 50 mM Tris-HCl pH 7.0. The column Was
eluted With a 0—1 M NaCl gradient. This separated the minor
10

major (92 kDa and p1 of 4.0). Gel ?ltration on a SuperdeX
200 Hiload column eluted the cellobiose dehydrogenase
With an apparent molecular Weight of 92 kDa thus separating
it from the contaminating cellulases of loWer molecular

nucleic acid constructs.

The present invention also relates to methods for produc

ing a protein comprising (a) cultivating such a recombinant
host cell under conditions suitable for production of the

15

protein; and (b) recovering the protein.

Tris-glycine buffer system. Electrofocusing Was carried out

control sequences are described above.
20

using a LKB multiphore apparatus and ampholine precast
gels
Cellobiose dehydrogenase activity after elec
trofocusing Was determined using a 1% agarose overlayer
containing cellobiose and DCPIP. The cellobiose dehydro

length of the encoded product and, therefore, encompasses
peptides, oligopeptides, and proteins. The term “protein”
also encompasses tWo or more polypeptides combined to

form the encoded product. The proteins also include hybrid

Weight.
Analytical SDS-PAGE of the different fractions Was car
ried out on 10% gel slabs on a Bio-Rad apparatus according
to the procedure recommended by the manufacturer With a

The nucleic acid sequence may be operably linked to
foreign genes With other control sequences. Such other
The protein may be native or heterologous to a host cell.
The term “protein” is not meant herein to refer to a speci?c

cellobiose dehydrogenase (94 kDa and pI 4.4) from the

25

genases appeared as distinct clearing Zones.
Biochemical Characterization
The amino acid composition Was determined using an

polypeptides Which comprise a combination of partial or
complete polypeptide sequences obtained from at least tWo

Applied Biosystems amino acid apparatus. The amino acid

different proteins Wherein one or more may be heterologous
or native to the host cell. Proteins further include naturally

composition is shoWn in Table 1. The values Were calculated
from the amino acid composition measured after 24 hours of

occurring allelic and engineered variations of the above

30

mentioned proteins and hybrid proteins.
Preferably, the protein is a hormone, hormone variant,
enZyme, receptor or a portion thereof, antibody or a portion
thereof, or reporter. In a more preferred embodiment, the

protein is an oXidoreductase, transferase, hydrolase, lyase,

35

isomerase, or ligase. In an even more preferred embodiment,

hydrolysis. Tryptophan Was determined according to the
method of Edelhoch, 1967, Biochemistry 6: 1948—1954.
The sample (250 pmole) Was hydrolyZed With 1 M HCl at
100° C. for 4 hours. The acid Was removed by vacuum
evaporation and the identity of the sugars present Was
established by HPLC With a PAD detector (DioneX Corp.
Sunnyvale, USA) and a Carbopak PAI microcolumn.

the protein is an aminopeptidase, amylase, carbohydrase,

The protein is a glycoprotein With a total sugar content of

carboXypeptidase, catalase, cellulase, chitinase, cutinase,
cyclodeXtrin glycosyltransferase, deoXyribonuclease,
esterase, alpha-galactosidase, beta-galactosidase,
glucoamylase, alpha-glucosidase, beta-glucosidase,
invertase, laccase, lipase, mannosidase, mutanase, oXidase,
pectinolytic enZyme, peroxidase, phytase,
polyphenoloXidase, proteolytic enZyme, ribonuclease,

2% (W/W). The folloWing sugars Were detected: 4 moles of
glucosamine, 4 moles mannose and 3 moles of galactose per
mole enZyme.

transglutaminase, or Xylanase.

40

TABLE 1
Cellobiose dehydrogenase

Cellobiose dehydrogenase

from H. insolens

mol/mol

from M thermophila“
mol/mol

Aspartate

84

114

Threonine
Serine
Glutamate
Proline

75
57
79
41

66
54
54
54

45 Amino acid

The gene may be obtained from any prokaryotic,
eukaryotic, or other source. For purposes of the present
invention, the term “obtained from” as used herein in
connection With a given source shall mean that the protein
is produced by the source or by a cell in Which a gene from
the source has been inserted.

The present invention is further described by the folloW
ing eXamples Which should not be construed as limiting the
scope of the invention.
EXAMPLES

cial products of at least reagent grade.

75

Cysteine

2

9

35
11
23
54

60
3
36
63

23
25
24

30
36
36

Histidine

8

12

Arginine

30

30

49b

Not determined

60 Tryptophan

aCanevascini et al., 1991, European Journal of Biochemistry. 198: 43-52.
bDetermined according to the method of Edelhoch, 1967, Biochemistry 6:

nase from Humicola insolens

A solution of CELLUZYMETM (Novo Nordisk A/S,
Bagsvaerd, Denmark) containing 21.4 g of protein Was
applied on a 300 ml arginine Sepharose column equilibrated
With 50 mM Tris-HCl buffer, pH 7.0, and eluted With
simultaneous gradients of Tris-HCl, pH 7.0—9.0, and 0—0.2

108

62

Tyrosine
Phenylalanine
Lysine

Chemicals used as buffers and substrates Were commer

Puri?cation and Characterization of Cellobiose Dehydroge

87

Valine
Methionine
55 Isoleucine
Leucine

Materials

EXample 1

Glycine
Alanine

1948-1954.
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Identi?cation of Prosthetic Groups
All absorption spectra and kinetic measurements Were
recorded on a HeWlett-Packard 8452A Diode Array Spec
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trophotometer in 0.75 ml black cuvettes With 1 cm optical

Methylene Blue, or benZoquinone oxidiZes one equivalent

path. The ?uorescence spectra Were recorded on a Perkin

of cellobiose Whereas tWo equivalents of cytochrome c or

Elmer LS 50.

ferricyanide oxidiZes one equivalent of cellobiose. The

The spectrum of 500 pl of 4.8 pM cellobiose dehydroge
nase Was recorded and 10 pl of 5 mM cellobiose or a feW

kinetic constants Were determined using LineWeaver-Burke
plots and Were the result of dual determinations.

grains of sodium dithionite Were added to give the reduced
cellobiose dehydrogenase. For the detection of the ?avin

The enZyme Was able to oxidiZe different disaccharides
and cellodextrins as listed in Table 2, but Was unable to

group, ?uorescence spectra of 1.7 pM cellobiose dehydro

oxidiZe glucose. The product of the oxidation of cellobiose
Was identi?ed using 1H and 13C NMR in DZO. In both
spectra the peaks corresponding to the ot- and [3-anomer of
the reducing end had disappeared implying oxidation at C—1
resulting in cellobionic acid.
Cellobiose and the cellodextrins Were readily oxidiZed by
the cellobiose dehydrogenase With approximately the same

genase Were recorded. Emission spectra for the excitation at
397 and 443 nm and exitation spectra for emission at 480

10

Were recorded.

The extinction coef?cient of the cellobiose dehydroge
nase Was estimated to be e28O=330,000 M_1~cm_1 using the
amino acid composition and a molecular Weight of 85 kDa.
TWo extinction coef?cients Were measured for DCPIP: in

15

km, and Km independent of the degree of polymeriZation as

the range pH 2 to 5.5 e53O=7,500 M_1~cm_1 and from pH 5.5
to 10 e6OO=14,000 M_1~cm_1. Potassium ferricyanide

to those of the cellodextrins. Maltose and xylobiose Were

(Merck): e42O=970 M_1~cm_1, 3,5-di-tert-butyl-1,2
benZoquinone(Merck): e41O=1,400 M_l~cm_1, Methylene

also substrates. HoWever, these substrates displayed a sig
ni?cantly Weaker binding than that of the cellodextrins.

Blue (Merck): e61O=42,000 M_1~cm_1, cytochrome c
(Sigma, from horse heart): e55O=8,000 M_1~cm_1.

seen in Table 2. Lactose Was oxidiZed at a rate comparable

20

Glucose, N,N-diacetylchitobiose, and N-acetyllactosamine
Were not oxidiZed.

The visible spectrum of the cellobiose dehydrogenase Was
characteristic of a hemoprotein. The oxidiZed state had an

absorption maximum at 420 nm (y band 203,000 M_1~cm_1
While the spectra of the reduced state shoWed absorption
peaks at 564 nm (0. band, 61,000 M_1~cm_1), 534 nm ([3

TABLE 2
25

Electron donor

Sugar + 90 ,uM DCPIP

band, 46,000 M_1~cm_1) and 432 nm (y band, 287,000

Km (,uM)

Cellobiose
Cellotriose
Cellotetraose

M_1~cm_1) Which Was typical of a cytochrome b

(Canevascini et al., 1991, European Journal ofBiochemistry

11
19
21

Cellopentaose

17

Lactose

51

emission maximum at 480 nm and exitation maxima at 397

Maltose

11,000

and 443 nm.

Xylobiose

Determination of Cellobiose Dehydrogenase Activity

N,N-Diacetyl-

198: 43). The ?avin group Was Weakly ?uorescent, With an

30

10
8.5
8.5

8.3
10

0.83

7,100

2.15

—

0

—

0

—

0

chitobiose

The measurements Were performed in 0.1 M sodium

phosphate pH 7.5 buffer at 40° C. Speci?cally, 450 pl of a
mixture of 100 pM of 2,6-dichlorophenolindophenol

kc,‘ (gel)

N-Acetyllac-

35

tosamine
Glucose

(DCPIP, Merck) and 250 pM of cellobiose (Sigma) Was
mixed With 50 pl of nZyme. One unit of cellobiose dehy

drogenase activity equals 1.0 pmole of cellobiose oxidiZed
(DCPIP reduced) per minute at pH 7.5, 40° C.
Identi?cation of Oxidation Product and Catalytic Properties

TABLE 3
40

Electron acceptor

A total of 40 mg of cellobiose Was mixed With 30 mg of

+ 225 ,uM

DCPIP in 10 ml Water and 100 pl of 1.6 pM cellobiose

cellobiose

dehydrogenase Was added. The mixture Was stirred over

DCPIP

night at room temperature. The mixture Was diluted With 45
Water and extracted several times With ethyl acetate to
remove the reduced and non-reduced DCPIP. 1H NMR and

Methylene Blue
Benzoquinone
Ferricyanide

Km

Cytochrome c

kCa‘(S’1)
26

18
132
12
93

12

1.85
15
10
19

13C NMR spectra of cellobiose and the oxidiZed product in
DZO Were then taken on a Bruker ACP 300 spectrometer.

Cellobiose: 1H NMR (D20): 6 (ppm) 4.65 ([3, H—1 ,J1>2=8.0

50

13C NMR (DZO): 6(ppm) 92.9 (ot,C-1), 96.8 ([3,C—1)
(Dorman and Roberts, 1971). Cellobionolactone: 1H NMR

using 550 pM cytochrome C (horse heart, Sigma Chemical
Co., St. Louis, M0), 225 pM cellobiose (Sigma Chemical

(DZO): no peaks betWeen 4.28 ppm and 4.75 ppm (H—1‘,

J1.)2.=8.0 HZ); 13C NMR (D20): 6 (ppm) no peaks betWeen

55

using a molar extinction coef?cient of 8,000 M_1~cm_1.
Optimal activity Was found at 55° C. during 5 minutes

All measurements Were performed in 0.1 M sodium

phosphate pH 7.5 buffer at 40° C. A450 pl volume of 15 pM

incubation as shoWn in FIG. 1.

to 5 mM (depending on Km) of electron donors and accep
60

appropriate Wavelength (see above). The benZoquinone Was
dissolved in ethanol to a concentration of 10 mM and diluted

in phosphate buffer to the appropriate concentration. The
catalytic constants (kcm) Were expressed as mol of oxidiZed
cellobiose/s/mol of enZyme. One equivalent of DCPIP,

Co., St. Louis, Mo.) and enZyme in a total volume of 500 pl.
The activity Was measured as reduction of cytochrome c

84.2 ppm (C—4) and 105.5 ppm (C—1‘).

tors and 50 pg of 70 nM to 200 nM of enZyme depending on
kcm Were mixed to a total volume of 500 pl. The reactions
Were monitored for 400 s as changes in absorbance at the

Determination of Temperature and pH Activity Pro?les
For temperature activity the measurement Was performed
in 0.1 M glycine pH 9.5 buffer at different temperatures

HZ), 5.21 (0t, H—1, J1)2=3.7 HZ) (Claeyssens et al., 1990);

The pH activity pro?le Was measured at 40° C. activity
using sodium acetate buffer from pH 3.5 to 6.5, sodium
phosphate buffer from pH 6.5 to 8.5, and glycine buffer from
pH 9 to 10, With all buffers at 0.1 M. The concentrations of
enZyme, cellobiose, and cytochrome c Were the same as

65

above. Optimum activity Was obtained at pH 7.5 and 75%
residual activity Was obtained at pH 9.5 as shoWn in FIG. 2.
The steady state kinetics Were folloWed for 10 minutes.

US 6,280,976 B1
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Example 2

Example 3

Amino Acid Sequencing of Humicola insolens Cellobiose

Construction of the Humicola insolens cDNA Library in the

Dehydrogenase

Yeast Expression Vector pYES 2.0

N-terminal sequencing of a semi-puri?ed preparation of
the cellobiose dehydrogenase and digested fragments of the

described in WO97/32014. The mycelia Were harvested after

cellobiose dehydrogenase Was performed on an Applied

5 days groWth at 26° C., immediately froZen in liquid N2,

Biosystems 476A Protein Sequencer (Perkin Elmer/Applied

and stored at —80°C.
All glassWare used in the RNA isolations Were baked at

Humicola insolens strain DSM 1800 Was cultivated as

Biosystems Division, Foster City, Calif.) With on-line HPLC
and liquid phase tri?uoroacetic acid (TFA) delivery.
Samples of the cellobiose dehydrogenase Were transblotted

10

onto Novex PVDF membranes (Novex, San Diego, Calif.)
from SDS-PAGE gels using 10 mM CAPS (3

[cyclohexylamino]-1-propanesulfonic acid) in 10%
methanol, pH 11.0 for 2 hours at 25 volts. The PVDF
membrane Was stained With 0.1% Commassie Blue R-250 in
40% methanol/1% acetic acid for 20 seconds and destained
in 50% ethanol to observe the protein bands. Stained protein
bands Were excised and sequenced from a blot cartridge

15

dinium thiocyanate folloWed by ultracentrifugation through
a 5.7 M cesium chloride cushion (ChirgWin et al, 1979,

Biochemistry 18: 5294—5299) using the folloWing modi?

using sequencing reagents (Perkin Elmer/Applied Biosys
tems Division, Foster City, Calif.). Detection of phenylth
iohydantoinamino acids Was accomplished by on-line HPLC
using Buffer A containing 3.5% tetrahydrofuran in Water

20

Biosystems Division, Foster City, Calif.) containing acetic
25

Buffer B containing acetonitrile. Data Was collected and

analyZed on a Macintosh IIsi using Applied Biosystems 610

performed by visualiZing chromatograms against a light
dehydrogenase Was apparently N-terminally blocked. The
puri?ed cellobiose dehydrogenase Was then subjected to
cyanogen bromide and Endoproteinase Glu-C digestions to
generate peptide fragments of the enZyme for sequencing.

stirred for 30 minutes at room temperature and centrifuged

(30 minutes, 5000 rpm, room temperature, Heraeus Mega
fuge 1.0 R) to pellet the cell debris. The supernatant Was
collected, carefully layered onto a 5.7 M cesium chloride
cushion (5.7 M cesium chloride, 0.1 M EDTA, pH 7.5, 0.1%

Data Analysis SoftWare. Amino acid identi?cations Were

source and determined by the operator.
The 90 kDa protein band of the puri?ed cellobiose

cations. The froZen mycelia Were ground in liquid N2 to a
?ne poWder With a mortar and a pestle, folloWed by grinding
in a precooled coffee mill, and immediately suspended in 5
volumes of RNA extraction buffer (4 M guanidinium

thiocyanate, 0.5% sodium laurylsarcosine, 25 mM sodium
citrate pH 7.0, 0.1 M [3-mercaptoethanol). The mixture Was

With 18 ml of the Premix concentrate (Perkin Elmer/Applied
acid, sodium acetate, and sodium hexanesulfonate and

220° C. for at least 12 hours. Eppendorf tubes, pipet tips and
plastic columns Were treated in 0.1% diethylpyrocarbonate
in ethanol for 12 hours, and autoclaved. All buffers and
Water (except Tris-containing buffers) Were treated With
0.1% diethylpyrocarbonate for 12 hours at 37° C., and
autoclaved.
The total RNA Was prepared by extraction With guani
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diethylpyrocarbonate; autoclaved prior to use) using 26.5 ml

35

supernatant per 12.0 ml cesium chloride cushion, and cen
trifuged to obtain the total RNA (Beckman, SW 28 rotor, 25
000 rpm, room temperature, 24 hours). After centrifugation
the supernatant Was carefully removed and the bottom of the
tube containing the RNA pellet Was cut off and rinsed With

The cellobiose dehydrogenase Was digested With cyanogen

70% ethanol. The total RNA pellet Was transferred into an

bromide by reconstituting a dried sample of the puri?ed

Eppendorf tube, suspended in 500 pl of 10 mM Tris-1 mM

cellobiose dehydrogenase in 70% formic acid With a feW

EDTA pH 7.6 (TE) (if dif?cult, heated occasionally for 5
minutes at 65° C.), phenol extracted and precipitated With

crystals of cyanogen bromide added and incubating for 18
hours at room temperature in the dark. The peptide frag
ments Were separated by SDS-PAGE electrophoresis using

40

ethanol for 12 hours at —20° C. (2.5 volumes ethanol, 0.1
volume 3 M sodium acetate pH 5.2). The RNA Was collected

10—20% Novex Tricine gels (Novex, San Diego, Calif.)

by centrifugation, Washed in 70% ethanol, and resuspended

under reducing conditions and blot transferred to PVDF
membrane as described above. Peptide fragments corre
sponding to 40, 20, 17, 15, and 6 kDa Were excised and

in a minimum volume of 0.1% diethylpyrocarbonate. The
RNA concentration Was determined by measuring OD 260/
45

280.

subjected to N-terminal sequencing. All peptide fragments

The poly(A)+ RNAs Were isolated by oligo(dT)-cellulose

except a 20 kDa fragment Were found to be N-terminally
blocked or not determined. The N-terminal sequence of the
20 kDa fragment Was determined to be FAGGERNG

af?nity chromatography (Aviv & Leder, 1972, Proceedings

PLATYLVSADARENFSL (Peptide 1) (SEQ ID NO. 2).
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The puri?ed cellobiose dehydrogenase Was partially

digested With sequencing grade Endoproteinase Glu-C from
Staphylococcus aureus; (Boehringer Mannheim GmbH,

NaCl, 1 mM EDTA, 0. 1% SDS), loaded onto a 0.1%

diethylpyrocarbonate-treated, plugged plastic column (Poly
Prep Chromatography Column, BioRad, Hercules, Calif.),

Germany) in 0.125 M Tris-HCl, 0.25% SDS, pH 6.7 for 2
hours at room temperature. The peptide fragments Were
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separated by reverse-phase HPLC using a HeWlett Packard
1090L HPLC (HeWlett Packard GmbH, Germany) With a 5
micron, 2.1><250 mm Vydac C18 reverse-phase column
(Vydac, Hesperia, Calif.). A step gradient Was used With
0.06% TFA and 0.05% TFA in 80% acetonitrile as the

Peptide 3: WASLPGLTVE (SEQ ID NO. 2), and
Peptide 4: GWH(S or R)QDLAAATERVF (SEQ ID NO. 2)

and equilibrated With 20 ml of 1><loading buffer. The total
RNA Was heated at 65° C. for 8 minutes, quenched on ice for
5 minutes, and loaded onto the column after addition of 1

60

eluants. The peptide samples Were hand-collected and then
subjected to N-terminal sequencing as described. Three
peptides Were recovered:
Peptide 2: RIPG(T or Y)(W or L)(H or G)(P or R)(S or

G)MDGKLYRDE (SEQ ID NO. 2).

of the National Academy Sciences USA 69: 1408—1412).
Typically, 0.2 g of oligo(dT) cellulose (Boehringer
Mannheim, Indianapolis, Ind.) Was presWollen in 10 ml of
1><column loading buffer (20 mM Tris-Cl pH 7.6, 0.5 M

volume of 2><column loading buffer to the RNA sample. The
eluate Was collected and reloaded 2—3 times by heating the
sample as above and quenching on ice prior to each loading.
The oligo(dT) column Was Washed With 10 volumes of
1><loading buffer, then With 3 volumes of medium salt buffer
(20 mM Tris-Cl pH 7.6, 0.1 M sodium chloride, 1 mM

EDTA, 0.1% SDS), folloWed by elution of the poly(A)+
65

RNA With 3 volumes of elution buffer (10 mM Tris-Cl pH

7.6, 1 mM EDTA, 0.05% SDS) preheated to 65° C., by
collecting 500 pl fractions. The OD260 Was read for each

