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Five cellulose-binding polypeptides were detected in Celulomonasfimi culture supernatants. Two of them are

CenA and CenB, endo-,B-1,4-glucanases which have been characterized previously; the other three were

previously uncharacterized polypeptides with apparent molecular masses of 120, 95, and 75 kDa. The 75-kDa
cellulose-binding protein was designated endoglucanase D (CenD). The cenD gene was cloned and sequenced.
It encodes a polypeptide of 747 amino acids. Mature CenD is 708 amino acids long and has a predicted
molecular mass of 74,982 Da. Analysis of the predicted amino acid sequence of CenD shows that the enzyme
comprises four domains which are separated by short linker polypeptides: an N-terminal catalytic domain of
405 amino acids, two repeated sequences of 95 amino acids each, and a C-terminal domain of 105 amino acids
which is >50%o identical to the sequences of cellulose-binding domains in Cex, CenA, and CenB from C. fimi.
Amino acid sequence comparison placed the catalytic domain of CenD in family A, subtype 1, of 13-1,4-
glycanases. The repeated sequences are more than 40% identical to the sequences of three repeats in CenB and
are related to the repeats of fibronectin type III. CenD hydrolyzed the 13-1,4-glucosidic bond with retention of
anomeric configuration. The activities of CenD towards various cellulosic substrates were quite different from
those of CenA and CenB.

When grown in the presence of cellulose, Cellulomonas
fimi produces a variety of polypeptides with carboxymeth-
ylcellulase activity, some of which may arise by deglycosy-
lation or proteolysis of native enzymes (25). This compli-
cates the purification of the native polypeptides. Gene
cloning simplifies the isolation and characterization of the
native enzymes because the cloned genes can be expressed
in an organism, such as Escherichia coli, which is devoid of
other j3-1,4-glycanases (5). This approach has led to the
characterization of four 3-1,4-glycanases from C. fimi: en-
doglucanases A, B, and C (CenA, CenB, and CenC) and an
exoglycanase (Cex) (14, 32-34, 41, 42). Although it hydro-
lyzes carboxymethyl cellulose (CM-cellulose), Cex is prop-
erly classified as a xylanase (11). All of these enzymes
contain discrete cellulose-binding domains (CBDs) which
can function independently of the catalytic domains (7, 8, 15,
24, 28). While the CBDs of CenA, CenB, and Cex are closely
related, the two N-terminal CBDs of CenC are only distantly
related (7). CenA and Cex (44 and 47 kDa, respectively) both
comprise a catalytic domain joined to a CBD by a short
linker polypeptide; CenB and CenC (106 and 113 kDa,
respectively) contain additional domains which contribute to
their larger size (7, 8, 15, 24, 28).
The cenA, cenB, and cex genes were first isolated as E.

coli clones expressing polypeptides which reacted with an
antiserum to supernatant proteins from a C. fimi culture
grown in the presence of cellulose (14, 41). The cenC gene
was isolated by taking advantage of the capacity of CenC to
bind to Sephadex (32). This article describes the cloning and
sequencing of the cenD gene of C. fimi by a different
approach. cenD encodes endoglucanase D (CenD), which
was initially identified as a cellulose-binding polypeptide
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(Cbp) from C. fimi distinct from Cex, CenA, CenB, and
CenC.

MATERUILS AND METHODS

Materials. Torula yeast extract was from Natural Focus
Foods Ltd., Vancouver, Canada. Avicel PH101 (a micro-
crystalline cellulose preparation derived from wood) was
from FMC International, Little Island, Ireland. Bacterial
microcrystalline cellulose (BMCC) was prepared from Ace-
tobacter xylinum (ATCC 23769) as described previously
(13). Regenerated cellulose was prepared from Avicel PH101
as described previously (7). CM-cellulose (sodium salt;
low-viscosity grade [15]) and cellulose azure (type I) were
from Sigma Chemical Co., St. Louis, Mo. Azurine-cross-
linked xylan was from MegaZyme Ltd., North Rocks, Aus-
tralia. Cellopentaose (<99% pure) was from Seikagaku
America Inc., Rockville, Md.

Bacterial strains and plasmids. The C. fimi strain used was
ATCC 484. E. coli DH5ao and DH5ax F' were purchased from
Bethesda Research Laboratories, Burlington, Canada. E.
coli RZ1032 was used as the host for plasmids to produce
single-stranded DNA for site-directed mutagenesis. Bacterio-
phage M13KO7 was used for the production of single-
stranded DNA for sequencing and mutagenesis. Plasmids
pTZ18R and pTZ19R have been described previously (29).
Growth conditions. E. coli strains were grown at 30 or 37'C

in Luria broth or tryptone-yeast extract-phosphate medium
(35), supplemented with 50 to 100 ,ug of ampicillin per ml.
Solid medium contained 1.5% agar. C. fimi was grown at
30'C in basal salts medium (41) containing 1% CM-cellulose
and 1% Torula yeast extract.

Identification of Cbps. The cells from an 8- to 10-day-old C.
fimi culture were removed by centrifugation. A 5-ml aliquot
of the supernatant was adsorbed with 10 mg of Avicel, 1 mg
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of BMCC, or 10 mg of Sephadex G-50 by incubation for 30
min on ice with occasional shaking. The adsorbent was
recovered by centrifugation and then washed once with 1 ml
of 0.5 M NaCl and twice with 1 ml of 10 mM Tris-HCl (pH
8.0). A sample of the washed adsorbent was boiled for 2 min
with sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) loading buffer, and the extracted
polypeptides were analyzed by SDS-PAGE. For N-terminal
amino acid sequencing, polypeptides were resolved by SDS-
PAGE, transferred electrophoretically to a polyvinylidene
difluoride membrane, and detected by staining with
Coomassie blue. Appropriate bands were excised from the
membrane, and the polypeptides were sequenced directly
with an Applied Biosystems 470A gas phase sequenator.
Western immunoblotting was performed as described previ-
ously (15).
PCR. Genomic C. fimi DNA was isolated as described

previously (32). Oligodeoxynucleotide primers were synthe-
sized with an Applied Biosystems 380A automated DNA
synthesizer. Each oligodeoxynucleotide had an 8-nucleotide
5' extension coding for an EcoRI site and two extra nucle-
otides at the 5' terminus. Mixtures for polymerase chain
reaction (PCR) contained 50 mM Tris-HCl (pH 8.0), 0.05%
Tween 20, 0.05% Nonidet P-40, 2 mM MgCl2, 10% dimethyl
sulfoxide, 0.2 mM each of the four 2'-deoxynucleotide
5'-triphosphates, 25 pM each of the primers, 10 to 100 ng of
C. fimi DNA, and 1 U of Taq DNA polymerase in a total
volume of 50 ,ul. One cycle of 1 min at 94°C, 2 min at 45°C,
and 3 min at 720C was followed by 34 cycles of 30 s at 940C,
45 s at 50°C, and 2.5 min at 720C. The final cycle was like the
previous 34 cycles except that the incubation time at 72°C
was extended to 7 min. The PCR product was digested with
EcoRI and ligated into pTZ18R which had been digested
with EcoRI.

Cloning of cenD. The PCR product was labeled with
[a-32P]dATP by the random hexamer primer method (9). C.
fimi DNA was digested with appropriate restriction endonu-
cleases and then fractionated on a 10 to 40% sucrose gradient
(35). The fractions were concentrated by ethanol precipita-
tion and analyzed by Southern hybridization (35, 39) at 650C
in 6x SSC (90 mM sodium citrate, 900 mM sodium chlo-
ride)-5 x Denhardt's solution-0.5% SDS-10 ,ug of salmon
sperm DNA per ml with the 32P-labeled PCR fragment as a
probe. Filters were washed for 15 min in 2x SSC buffer at
550C, then for 30 min in 2x SSC buffer-0.1% SDS at 55°C,
and finally for 10 to 20 min in 0.1 x SSC buffer at 550C. The
DNA from positive fractions was ligated into pTZ18R which
had been digested with the corresponding restriction endo-
nuclease(s). E. coli DH5Ca F' was transformed with the
ligation mixture. Ampicillin-resistant clones were screened
for the presence of the cenD gene by colony hybridization
with the 32P-labeled PCR fragment as a probe.
DNA sequencing and sequence analysis. The nucleotide

sequences of both strands were determined by the dideoxy
method (36), with either double-stranded or single-stranded
DNA, T7 DNA polymerase, and 7-deaza-dGTP instead of
dGTP in the nucleotide mixes. Nucleotide and amino acid
sequences were analyzed with the PCGENE program from
Intelligenetics.

Expression of cenD in E. coli DH15c Site-directed muta-
genesis was performed as described previously (29). An
oligodeoxynucleotide designated cenDMutl (5'-GCGCGA
TGCGGAGGQCAIfiGTGTCTCCTCG), complementary to
the coding strand, was designed to change the GTG start
codon to an ATG (shown in boldface) and at the same time
to introduce an NcoI site (underlined) incorporating the new

ATG start codon. pDAM1-1 (see Fig. 2B) was digested with
ApaI, and the ends were filled in with the Klenow fragment
of DNA polymerase I. The linearized plasmid was digested
with PstI; the 500-bp fragment containing the first 400 bp of
cenD and 100 bp of the 5' noncoding sequence was recov-
ered and ligated into pTZ18R which had been digested with
Smal and PstI to give pDAM1-2. Mutation of pDAM1-2 with
cenDMutl produced pDAM1-3. The recognition site for
ApaLI, encoding the first two amino acids of CenD, was
changed through the mutagenesis. The mutation was con-
firmed by sequencing. Sequencing also revealed the inser-
tion of two short stretches of polylinker DNA of unknown
origin, which resulted in the addition of sites for BamHI,
XbaI, SalI, and PstI on the 5' side of the insert and sites for
BamHI, XbaI, and Safi on the 3' side of the insert. This also
explained the reversed orientation of the insert. The extra
sites did not influence the subsequent manipulations except
that the extra PstI site was used for one of the next cloning
steps. The 2.8-kbp PstI-SstI fragment from pDAM1, con-
taining 1.9 kbp ofcenD at the 3' end and 900 bp of noncoding
sequence, was subcloned into pTZ19R which had been
digested with PstI and SstI to give pDAM1-4. Finally, the
500-bp PstI fragment from pDAM1-3 was ligated into the
PstI site of pDAM1-4 to produce pDAM2. Since the lacZ
start codon was in frame with the cenD start codon in
pDAM2, expression of cenD in this construct produced two
proteins corresponding to processed CenD and the unproc-
essed LacZ-CenD fusion (data not shown). Therefore,
pDAM2 was digested with HindIII, the site was filled in with
Klenow enzyme, and the plasmid was religated to yield
pDAM2-1. Expression ofcenD from this construct produced
only one polypeptide which bound to cellulose, confirming
that the fusion of lacZ to cenD was no longer in frame.
N-terminal amino acid sequencing showed that processing
occurred at the same site in C. fimi and E. coli (data not
shown).

Purification of CenD. CenD was purified from a 20-liter E.
coli DH5a(pDAM2-1) culture grown at 30°C; IPTG (isopro-
pylthiogalactopyranoside) was added to a final concentration
of 0.1 mM when the culture reached an A600 of 1.8; growth
was then continued for 16 h. Purification of CenD from crude
E. coli cell extract was performed as previously described
for CenB (31). Protein concentrations were estimated by the
far-UV method of Scopes (37).
Enzyme assays. The hydrolysis of Avicel PH101, BMCC,

and regenerated cellulose by CenA, CenB, and CenD was
assayed by measurement of reducing-sugar groups or total
sugar released into solution at 37°C. Reducing-sugar assays
were performed in 50mM sodium citrate, pH 6.8, containing
0.02% NaN3 and 0.02% bovine serum albumin (citrate buff-
er-BSA). Soluble reducing sugars were quantitated by assay
of the reaction supernatant with hydroxybenzoic acid hydra-
zide reagent (26). Assays for the release of total sugar were
performed in 50 mM potassium phosphate, pH 7.0, contain-
ing 0.02% NaN3 (phosphate buffer). Total soluble sugars
were quantitated in the reaction supernatant by the phenol-
sulfuric acid assay (6). Avicel (15 mg) was incubated with
0.25 nmol of enzyme in 1.5 ml of buffer for 18 h. BMCC (1.5
mg) was incubated with 1.0 nmol of enzyme in 1.5 ml of
buffer for up to 18 h. Regenerated cellulose (10 mg) was
incubated with 0.02 nmol of enzyme in 1.45 ml of buffer for
2 h.
The hydrolysis of CM-cellulose was determined from the

production of new reducing-sugar groups in the reaction
mixture, measured with hydroxybenzoic acid hydrazide
reagent. CM-cellulose (2 mg) was incubated with 1.0 pmol of
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FIG. 1. Cbps in C. fimi culture supernatants. Polypeptides from
5-ml aliquots of culture supernatant were adsorbed with Avicel (lane
1), BMCC (lane 2), or Sephadex (lane 3), resolved by SDS-PAGE
(7.5% acrylamide), and stained with Coomassie blue. Lane 4 con-
tains molecular mass standards; sizes are indicated on the far right.
Lane S contains 1.5 pug of purified CenB.

CenA or CenB or 20 pmol of CenD in 0.5 ml of citrate
buffer-BSA for 30 min at 30'C. The hydrolysis of cellulose
azure (a Remazol brilliant blue-dyed cellulose preparation)
was determined from the release of dyed product into
solution, measured by its A595. Cellulose azure (40 mg) was
incubated with 0.1 nmol of enzyme in 2.0 ml of citrate
buffer-BSA at 370C. Xylanase activity was determined with
insoluble azurine-cross-linked xylan as the substrate. The
reaction mixture contained 1 mg of substrate and 0.5 pug of
Cex or 50 Rg of CenA, CenB, or CenD in 1 ml of phosphate
buffer. After incubation at 370C for up to 6 h, the rate of
hydrolysis was determined from the release of dyed product
into solution, measured by its A595. One unit of xylanase
activity results in a change of 1 absorbance unit in the
reaction supernatant per hour.

Determination of stereochemical course of hydrolysis. Pre-
liminary experiments (data not shown) established the con-
ditions under which cellopentaose was rapidly hydrolyzed
by CenD, allowing the anomeric configuration of the prod-
ucts to be determined before and after mutarotation. A
reaction mixture containing 50 pI of 2.5 mM cellopentaose
and 2 RA of a 6.17-mg/ml CenD solution was analyzed, after
incubation at room temperature for 15 s or at 370C for 1 min
and then at 100'C for 2 min, with a Waters high-performance
liquid chromatography system (Millipore Corp., Milford,
Mass.) fitted with a Waters Dextro-Pak Cartridge and oper-
ated at a column flow rate of 1 ml/min. Sugars were detected
by refractometry.

Nucleotide sequence accession number. The reported nucle-
otide sequence has been assigned GenBank accession num-
ber L02544.

RESULTS

Cbps from C. fimi. Five Cbps were recovered from C. fimi
culture supernatants by adsorption to cellulose or Sephadex
(Fig. 1). Their molecular masses and N-terminal amino acid
sequences showed that the 53- and 110-kDa polypeptides
corresponded to CenA and CenB, respectively, but the 120-,
95-, and 75-kDa polypeptides did not correspond to any of
the known C. fimi 3-1,4-glycanases (Table 1). The N termini
of the 120- and 95-kDa polypeptides did not correspond to
any N-terminal or internal sequences in the protein data

TABLE 1. N-terminal amino acid sequences of Cbpsa

Cbp
Cycle

Cbpl20 CenBb Cbp95 CenDb CenAb

1 A A A A A
2 V P P T X
3 T T V G X
4 T/G Y H D V
5 E N V D D
6 Y Y D W Y
7 A A N L A
8 Q E P X V
9 X A Y V T
10 F L A E N/I
11 L G G Q
12 A A N W
13 Q V T P
14 Y Q I
15 D Y V
16 K V D
17 I N S
18 K P T
19 R G
20 P K
21 A
22 N
a Amino acid sequences were determined by Edman degradation, as

described in Materials and Methods. Amino acid residues are represented by
the single-letter code; residues which could not be determined are indicated
by the letter X.

b N-terminal sequence has been shown to be the same for the polypeptides
produced in C. fimi and E. coli.

base; the N terminus of the 75-kDa Cbp was similar to those
of 0-1,4-glycanases in family A, subtype 1 (4, 21). These data
provided evidence for the first identification of a family A
enzyme in C. fimi. The enzyme was tentatively designated
endoglucanase D and its gene cenD, because all but one of
the family A enzymes are endoglucanases (5, 12, 20).

Cloning ofcenD. Alignment of the amino acid sequences of
the enzymes in family A, subtype 1, showed that two
stretches of six amino acids each, corresponding to W238 to
L243 and P264 to P269 of mature CenD, are highly con-
served (see Fig. 4). Degenerate oligodeoxynucleotides (2 and
3; see Fig. 4) were synthesized which corresponded to these
conserved amino acid sequences. A third oligodeoxynucle-
otide (1; see Fig. 4) was synthesized which corresponded to
the six N-terminal amino acids of mature CenD, using the
codon bias of other sequenced C. fimi genes (8, 28, 33, 42).
The combination of oligodeoxynucleotides 1 and 3 allowed
amplification of an 800-bp fragment of C fimi DNA by PCR.
The amplified fragment was cloned into pTZ18R and then

sequenced. The amino acid sequence predicted by the
nucleotide sequence confirmed that CenD belongs to family
A, subtype 1. The cloned PCR product was labeled with 32p
and used as a probe to detect a PvuII fragment of C. fimi
DNA containing the entire cenD gene (Fig. 2A). The frag-
ment was cloned into pTZ18R to give pDAM1.

Sequence of cenD. Restriction enzyme analysis showed
that cenD overlapped a 1.9-kbp PvuII-PstI fragment and a
2.8-kbp PstI fragment from the 5.6-kbp PvuII fragment (Fig.
2B). Sequencing of the entire 2.8-kbp PstI fragment and
about half of the 1.9-kbp PvulI-PstI fragment revealed the
sequence of the entire cenD gene (Fig. 2 and 3). The gene
encodes a polypeptide of 747 amino acids. The codon usage
of the cenD gene is very similar to that of cex, cenA, cenB,
and cenC (8, 28, 33, 42). Only 35 codons are used in cenD.

J. BACTNE;RIOL.
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FIG. 2. Southern analysis and schematic presentation of the C.
fimi genomic DNA fragment containing cenD. (A) C. fimi DNA was

digested for 8 h at 370C with SstI (lane 1), Sall (lane 2), PvuII (lane
3), PstI (lane 4), KjnI (lane 5), or BglII (lane 6) and resolved by

agarose gel electrophoresis. DNA fragments were screened with a

3 P-labeled, cloned PCR product designed to hybridize to cenD.
Sizes are shown in kilobase pairs. (B) Schematic representation of
the 5.6-kbp PvuII fragment containing cenD. The restriction sites
shown were determined by restriction analysis and DNA sequence

analysis. The 1.9-, 2.8-, 0.5-, and 2.8-kbp restriction fragments
shown below were subcloned into pTZ18R or pTZ19R for sequenc-

ing or expression of cenD; the corresponding recombinant plasmids
were designated as indicated on the right. ORF, open reading frame.

The putative GTG translational start codon is preceded by a

ribosome-binding site. Nine nucleotides after the TGA trans-
lational stop codon, there is an inverted repeat of 19 nucle-
otides which may be a transcriptional stop signal (Fig. 3).
Promoters have been characterized for the previously iso-
lated C. fimi 0-1,4-glycanase genes (16, 17, 32); 50 nucle-
otides upstream of the postulated GTG translational start
codon are two sequences of six nucleotides each which are

17 bp apart and resemble typical C. fimi promoter sequences

(Fig. 3).
There is an open reading frame 129 nucleotides upstream

of the cenD gene, and 33 nucleotides after the TGA transla-
tional stop codon of this open reading frame, there is an

inverted repeat of 15 nucleotides which overlaps the postu-
lated promoter sequence of the cenD gene (Fig. 3).
Amino acid sequence of CenD. Comparison of the pre-

dicted amino acid sequence of CenD with the primary
structures of other previously characterized bacterial 1-1,4-
glycanases showed that CenD comprises four domains. The
leader peptide is 39 amino acids long and similar in sequence
to those of Cex, CenA, CenB, and CenC (not shown). This
is followed by a catalytic domain of 405 amino acids. The
amino acid sequence of the catalytic domain is 49 to 68%
similar to those of the other catalytic domains in family A,
subtype 1 (Fig. 4). The sequence N168-E169-P170 of CenD is
found in most family A enzymes, and it has been shown that
the strictly conserved Glu residue corresponding to E169 of
CenD is essential for the catalytic activity of at least some of
them (2).

The catalytic domain is connected to the rest of the
polypeptide by a short linker of three Gly residues (Fig. 3).
The linker is followed by two repeats of about 95 amino acids
each, which are also joined by a linker of three Gly residues
(Fig. 3). The repeats are 45 to 50% identical in sequence to
three repeats of 98 amino acids in CenB (28) (Fig. 5).
The second repeat sequence is connected to a C-terminal

domain of 105 amino acids by the short linker Pro-Thr-Thr
(Fig. 3). The amino acid sequence of the C-terminal domain
is about 50% identical to those of CBDs in Cex, CenA,
CenB, and a number of other ,3-1,4-glucanases and -xyla-
nases (30) (Fig. 6).

Expression of cenD in E. cohl and purification of CenD. The
wild-type cenD gene was not expressed in E. coli(pDAM1)
regardless of the promoter used to transcribe the gene from
this plasmid. This was reminiscent of the poor expression of
the wild-type cenC gene in E. coli (32). Both cenC and cenD
have a GTG rather than an ATG translational start codon.
Furthermore, there is an inverted repeat less than 70 bp
upstream of the cenD start codon; this might serve as a
transcriptional stop signal for the upstream open reading
frame and cause the lack of expression of cenD in E.
cohi(pDAM1). cenD was expressed by changing the GTG
start codon to an ATG and by deleting most of the noncoding
C. fimi DNA upstream of the gene, including more than half
of the inverted repeat (see Materials and Methods and Fig.
3).
The yield of CenD in E. coli DH5ao(pDAM2-1) was esti-

mated from Coomassie blue-stained SDS-polyacrylamide
gels to be about 5% of total cell protein (data not shown).

Catalytic activities of CenD. The catalytic activities of
CenD on various cellulosic substrates were determined and
compared with those of C. fimi CenA and CenB (Table 2).
The rate of Avicel hydrolysis was similar for all three
endoglucanases, but there were differences in the rates of
hydrolysis of the other insoluble substrates. JBMCC was
hydrolyzed at comparable rates by CenD and CenB, but the
rate of hydrolysis catalyzed by CenA was approximately
20-fold lower. The rates of hydrolysis of regenerated cellu-
lose and cellulose azure by CenA were significantly higher
than those of CenD or CenB. CenD catalyzed the hydrolysis
of CM-cellulose at a 20-fold lower rate than CenB.
The hydrolysis of BMCC (a highly crystalline form of

cellulose; see Discussion) by CenB and CenD was examined
further in order to determine the extent to which these
enzymes are capable of hydrolyzing this substrate to soluble
sugars. This was done by determining the total sugar re-
leased into the reaction supernatant, because quantitation
from the amount of reducing-sugar groups released (ex-
pressed as glucose) underestimates the extent of hydrolysis
if the product contains significant levels of cellobiose or
higher cellooligosaccharides. Solubilization of BMCC by
CenD amounted to 85% of the total substrate during a 24-h
incubation. Comparable results (87% solubilization) were
obtained with CenB.
The xylanase activities of CenD, CenA, CenB, and Cex on

azurine-cross-linked xylan were 0.125, 0.005, 0.052, and 195
U/nmol, respectively.

Stereochemical course of hydrolysis catalyzed by CenD.
Under the chromatographic conditions described (see Mate-
rials and Methods), the retention times of a- and ,B-cellotri-
ose (7.2 and 7.5 min, respectively) and a- and P-cellotetraose
(19.6 and 21.3 min, respectively) were sufficiently different
to allow resolution of the anomeric forms; the anomers of
cellobiose were not resolved. The major hydrolysis products
from cellopentaose were cellobiose and cellotriose. The

A 1234 5 6

-23.1
- 9.4
- 6.6
- 4.4
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i C 2
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-316
V S Q G W S A E W S Q S G T A V T A K N A P W N G
GWG¶rCAGGGC¶rGAGCGCCGAG1GGCAGTCCGCACGCACAAGAACGCGCCG7ACGOC

T L A A G S S V S I G F N G T H N G T N T A P T A F T L N G V A C T L G-240 ACGCTMGCCGCCOGG CAGCGTGTCGA G CAACGGCACGCACAACGGCACGAACACCGCGCCGACGGGCGTTA CGACGGT

-120 GCCCACGGCACCGACCGCATGACCGGCGCGGGTCCTCCGGA7GzXSSGACGGCCCCCGCACGGCG~rCACCGCCCGGCCGCACCACCGGG7CCCCACCACCACGAACC GAoGoAACCC

V H S A S R T R A R T R V R T A V S G L L A A T V L A A P L T L V A A P A Q A A
I GTGCACTICCGCATCGCGCACCCGCGCACGCACCCGGTCCAC rcCxan£CTSCTGGCGCGACCGTCCT'CGCCGCACCCCTICACCCTCCCTCGCCGCGCCCGCGCAGGCGGCG
2 S' a D D. W L 8 V 2 a N S I V D 8 S a X E A I L S G V N W F G F N A S E R V F H G

121 ACCGGCGACGACTGGCTGCACCTGAGGC=AACACGA CCTCGAC"oCCGGGAAGCAGCGAMCTTCOSTA~C~sCTSACCACACCGGTCCO
42 L W S G N I T Q I T Q Q M A Q R G I N Y V R V P V S T Q L L L E W K A G T F L X

241 CTSTGGTCCGGGAACATICACGCAGATCACGCAGCAGATG.GCCCAGCGCGGC.ATCAA iOGGu1TcCCGTCTCCACCCAGCTMC7sCTCGAGIGGAAGGCCGGCACGTTCCTCAAG
82 P N V N T Y A N P E L E G K N S L Q I F E Y W L T L C Q K Y G I K V F L D V H S

361 CCGAACGTCGAACACGTACGCGAACCCGACCAGCAGAACTCG TCTGAGTACTGGoCTGAOGCTGTGCCAGAAGTACGGGATC.AAGG7GITCTCGACGTCCACTCC

-. -

122 A E A D N S G H V Y N M W W K G D I T T E D V Y E G W E W A A T R W K D D D T I
481 GCCGAGGCCGACAACTCGGGCCACGTICTACAACA'GGTGAGCGCTACCAGAGGAGGGCGGCGGCGCGACCCGCTGrGAAGGACGACGACACCATICG
162 V G A D I K N E P H G T Q G S T E R A K W D G T T D N D N F K H F A E T A S KH601 =GTGCGCGGACATCAAGAACGAGCCGCACGGCACGCAGGGC~TCACCGGGGCATGAGCOACGCAGCATCACC GCGAGACCGCG7CGoAAAAC

202 I L A I N P N W L V F V E A V E I Y P VP G V P W T S T G L T D Y Y G T W W G G
721 ATCCTICGCGATC.AACCCGAACTGGCTC ACCrCCAAGCCAGGGCG TCCCTGACG.TCGACGGCCTGACCGACTACTACGGCACCTA5W=COO
242 N L R G V R D H P I D L G A H Q D Q L V Y S P H D Y G P L V F D Q K W F Q SD F
841 AACC7WGCGCGGGGCAC CGA7CGAC9rSOGOACAGCAGTSSTCCCCCCACAGAC GC~zsACCAGAAMGTGGICCAGAAGGAMCT
282 D K A S L T A D V W G P N W L F I H D E D I A P L L I G E W G G R L G Q D P R Q961 GACAAGGCGTICCCTGACGGCCGACGG CGCCCAALrGCGTCA CCGACGAGGACATCGCACCGCTGoCTC GGCGoAG~riGGGCGGACGGCTCGGCCAGGACCCGCGGCAG
322 D X W M A A L R D L V A E R R L S Q T F W V L N P N S G D T G G L L L D D W R T
1081 GACAAGTCGATGGCCGCGC7GCGCGAC

362 W D E V K Y S T M L E P T L W K H G G K Y V G L D H Q V P L G G V G S T T G T S
1201 T7GGGACGAGGTCAAGTACTCGACGATLSCTCGAGC _GATCGTGCCACCAGG7CC ~~GCCSCEACCACGGCACGTCG
402 I S Q V a a a T P D T T A P T A P T G L R A G T P T A S T V P L T W S A S T D T

1321 ATCTCGCAGGTCGGCGGCGGCACGCCCGACACCACGGCGCCGACCGCTCCCACCGGGCTC GGnGAGOACGCGTICGACCGTICCCGCTGACG'STCCTGCGCC
442 G G S G V A G Y E V Y R G H T T T A T S Y T V T G L A A D S A Y T F S V

1441 GGrGTGGGCCPGTCAsGACGGGCAGnGQGCACGACCACCGCCACCTCGTACACCIGTCACGGGCCTGGCGCGGACTCCGCGTACACGrTSS
482 R A SD G A G N T S A A S A A V T A R T A A a a a D V T A P S V P T G L T A G T

1561 CGCASA:<CCCAAnrCC:s=GGGTAOCCGCACCGCGGCCGGCGGCGGTGACGIGACCGCGCCGTCCQGTGCCACGGGCCTCACGXCCGGCACC
522 P T A T S V P L T W T A S T D T G G S G V T G Y E V Y R G S T L V A R P T G T S

1681 CCGACGGCGACCTCCGTGCCGCTGACGTOGACGGCGTCGACCGACACCGCGGGC CGGGGGTA~GTACGACGTGTACCGCGGGAGCACGCTCGTCGCGCGTCCGACCGGCACGAGC
562 H T V T G L S A A T A Y T F T V R A V D A A G N V S A A S A P V G V T T A P D P

1801 CACACCGTCACCGGCC7GTCGGCGGCGACCGCCTACACGTTCACCGTCCGCGCGGT-CGACGCGGCGGGCAACGIGTCGGCCGCGTGGCGCCGGTCGGCGTGACGACGGCCCCCGACCCG
602 G S C A V T Y T A N G W S G G F T A A V T L T N T G PT A L S G W T L G F A

1921 ACGACGGGCTCGTG.CGCCGTGACGTACACCGCGAACGGoCTGGAGCGGGCTCCGGCGGCCGICACGCTCACCAACACGGGCACGACGGCGCTGAGCGGCTrGGACGCTICGGTC
642 F P S G Q T L T Q G W S A R W A Q S G S S V T A T N E A W N A V L A P G A S Y E

2041 TTCCCGTCCGGGCAGACCCTG.ACCCAGGGCTGGAGC CCGGGGATCGGGTGAGCGTCACGGCGACCAACGAGGCCTGGAACGCCGTCCTCGCCCCGGGGGCGAcCG7CA=
682 R G F S G T H T G T N T A P A T F T AG G A T C T T R

2161 ATCGGC"ITCAGCGGCACGCACACCGGCACCAACACGGCGCCGGvCGACGTTMCAGGTGCGCGoCGCGACGC~rCACGACGCGC7GACGC7GACGGAGCCGCGTGGG GACCCG

2281 CACCCGCCGGCTCCGGCCGTICAGGGCAGGCGCTCCGCACCCGACGGTTCCGCTAGGCCG TGGTGTCAGGAIGCCGCAGC TTGGCdACGAACGCGTCGACG7CCGCCGTG
2401 rGCAACGCGCACA7GAGCCGCACMCTCCT GG CGCCAGTCGTAGAACCGCCAC'37rCCGCGCAGoCGCGCGGCGACACCGGGCGGCAGGGCGGCGAACACGCCGTTCGCCTG
2521 GTGCGCGAGACCCGGTCGCCCGCCG~TCTCAGGCCGGCGCGCAGCCGCGCCGCCATCGGTTC=GTGGGCGCGCCGACCGCAGCCACAGGTCCTCcaCTCGAGC GCGAC
2641 GACTGCGCGGAGACGAAGCGCATCTTCGACGCGAG.CTGCATGTCGGCCTIGOGCAGSTACOGCAGGCCGACCAOGGCTGCGTC GACACACGACGGCCTCGCCGAACAGCACGCCG
2761- TwCTTGGTCCCGCCCAGGGACACCACGTCGACGCCGA ~E:sTACCCCGGAGCACCGCGCGGCGTTCGCGATCCGCGCGCCGTCGACGTGCAGCCGCAOG
2881 CCCAGCGCGTGCGC TGCGCAGCGCGCGGATCTCTGCGCCGTGTACAGCGTGCCCAGCTCGGTCTCTCGATCGACACGACACCCGCTGCGCGCGGTGCTCGTICGCCGAACCC3001 CCACGCCTG-GCGCTCGACGAGCTCGGGCGT-CAGCTItGCCGTCCGCtG CACGTAGCAGCTTGAGCCCGCCGACCCGCTCGGGCGCGCCGTTCTCGCGTTGAGGGCTIC
3121 TCCGCGCACACGACGWCACCCCAGCGCGGCAGGAGCGCCTGCAG

FIG. 3. Nucleotide sequence of cenD and deduced amino acid sequence of CenD. The nucleotide sequence is numbered from the first
nucleotide (+1) of the translation initiation codon. The stop codon is indicated by an asterisk. Possible transcrip tional stop signals are
indicated by horizontal arrows. Putative promoter sequences are underlined. The putative ribosome-binding site is shown in boldface italics.
Amino acid residues are numbered from the first residue of mature CenD. The N-terminal sequence determined for mature CenD produced
in E. coli or C. fimi is shown in boldface, and the processing site is indicated by a vertical arrow. Putative linker polypeptides are shown in

1681

562fac HetrT aseV bvThGline. YTFTVRAV SAASAPVG

P-anomer of cellotriose was the major product after 15 s of
hydrolysis; a small proportion of the H-anomer of cellotet-
raose was also present (Fig. 7A). After hydrolysis for 1 min
at 370C and incubation at 100'C for 2 min, the 1:2 equilibrium
ratio of a- and P-anomers was established by mutarotation
(Fig. 7B). Therefore, hydrolysis of the 3-1,4-glucosidic bond
by CenD proceeds with retention of anomeric configuration,
characteristic of a double-displacement reaction mechanism
(38).

Immunological evidence for fibronectin type III-like repeats
in other Cbps. Polyvalent antiserum directed against CenB
appears to react strongly with the fibronectin type III-like
repeats because the polypeptide, expressed from pTAL5.1,
in which these repeats and the CBD are deleted (29), has a
greatly reduced interaction with the antiserum relative to
intact CenB, and because the polypeptide p41, comprising
the three fibronectin type III-like repeats and CBD of CenB
(31), reacted strongly with the antiserum (data not shown).

J. BACTEkRIOL.
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CflCenD
CcaCel B
CthCel B
Cf lCelA
BpoCel
XcaCelX

CfiCenD
CsaCelB
CthCelB
CflCelA
BpoCel
XcaCelX

CfiCenD
CsaCelB
CthCelB
CflCelA
BpoCel
XcaCelX

CfiCenD
CsaCelB
CthCelB
CflCelA
BpoCel
XcaCelX

CfiCenD
CsaCelB
CthCelB
CflCelA
BpoCel
XcaCelX

CfiCenD
CsaCelB
CthCelB
CflCelA
BpoCel
XcaCelX

ol igo I

ADLVNTDWLHVEDNTIGVDSKKEAILSGVNWFGFNASERVFHGLWSGNITQITQQMAQRGINVVRVPVSTQLLL
D N Y S K KD RPVW T I Y TGTN D V C LKDTLAEI N F LL I AE I
EPD TN KY NKVWIT A CR MLLDSYHSD IADIELV DK M IA D Y
STS Q K ES VW T A T AV LEDV RS EH I I
SVKGYY TQ K ES AFN L LETPNYTL RSMDDMD VKKE Y LI L Y N FD

GPAFSYSINNSRQ DS VVQ K V ETONH M AR WKDMIV QGL F A L FCPAT R

EWKAGTFLK-PNVNTYANPELEGKNSLQIFEYWLTLCQKYGIKVFLDVHSAEADNSOHVYNMWWKGDITTED
N SQ IYP I Y V EV DIVVQT KE L IM I IKT AM I PV YDEKF P
A SQ IYPP STDTS N A A L YEL NFM ENFKRV I P T Q N PL YNTT E I

KAAVSSG V T EV DRF A SE L M L A FHPV T VD
SSSRPD--- SID-YHK D V L PI MDKLIEKAGQR QII R RPGSGGQSE---L YTSQY-P S
SDTMPA--- SID-YSR AD Q LT LDKVIAEFNAR MY L H TPDCAGISE_-_ L YT SY- A

VY-EWEWAATRWKDDDTIVGADIKNEPH- - -GTQG-STERAKWDGTTDKDNFKHFAETASKKILAINPNWL
F KA-C ITN Y N IAF L KPWQD TF NS IN.W YA CA R N L
FKKA- V V E Y N I F L TNT MKIKAQS I DSNHPN W RV ETALA EVH V
F A VTA Y NN L AM AN SP SS Q YLC TIC KV
RWISD KML D Y NNP VI LH GQASW TGNASTD RLAAQRAGNAILSVNPNWL VEGVDHN
QWLADLRFV N Y NVPYVL L L GAA W TGNAATD NKAAERGSAAVL VAPKWL AVEGITDN

ol igo 2 ol igo3

VFVEGVEMYPKPGV----- PWTSI'1LTDYYGTWWGGNt RGVRDHPIDLGAHQDQLVYSHy2P.LVFD
IVI I A DD T KSSS S KY N KY NKV S YQ
I D IWDDETFDS -- NN N K Y N KY S I YE
ILC I V S S NNKEF T K N -- E
QGNNSQY------ -------- T ANY VV -DVPNRV G SS
PVCSTNGGI----- ------------F QPLACT LNIP N--R LLA V D V

QKWFQKDFD--KASLTADVWGPNWLFIHDEDIAPLLIGEWGGRLGQD-PRQDKWMAALRDLVAERR-
P YPG T E LQ C R AY ME N H DGADN--E KY YII NH
D KG ITANDEQA RI YEQC RD AY ME C S L MTEGGH LL LNLKY CMRDFILE
D P T T ES D KQG V E- R LT MI
P NDPAF -P NLPAI DQT GY SKQN V V F NVDLSSPEC QN VHYIGANN
SY NDSNF -PNNMPAI ERHFGQFAGTH- - L F KY EGDA DKT QD VKYLRSKG

----LSQTFWVLNPNSGDTGGLLLDDWKTWDEVKYSTMLEPTLWKHG----------GKYVGLDHQVPLGGV
IHH CF A VGY FT K -FLK A QDSQ RF KR TN

NKYK HH CI ID A FTR EG PFPGGRDLKWNDNKYDNYLYPVLWKTED FI KI RN
I H S SA E-L K G QD F S K P
YF Y S T NRP QDMLGRIMKPVVSVAQQAEAAAE*

INQGFY SW I R TSVRQD MTLLRTLWGTAGNTTPTPTPTPTPTPTPTPTPT TPTP

72
667
107
72

104
66

143
738
178
144
167
129

210
806
248
211
238
200

273
869
318
271
281
243

336
931
391
335
344
304

394
989
463
391
397
373

CfiCenD GSTTGTSISQVGGGTPDTTAPT 416
CsaCelB KNINITTYYNNNEPEPVP SK* 1011
CthCelB ---- I LSNY SV SP 481
CflCelA N K L E DRPDP DDP 414
XcaCelX TS FSTKVIASPVVGSAARKL 395

FIG. 4. Comparison of the amino acid sequences of the catalytic domains of family A, subtype 1, ,B-1,4-glucanases. Sequences are numbered
from the first residue of the mature polypeptide. CfiCenD, CenD from C. fimi; CsaCelB, CelB from Caldocellum saccharolyticum; CthCelB,
CeiB from Clostridium thermocellum; CflCeIA, CelA from Cellulomonasflavigena; BpoCel, endoglucanase from Bacilluspolymyxa; XcaCelX,
CeiX from Xanthomonas campestris. Amino acid residues identical to those of CenD are not shown; hyphens indicate gaps left to improve the
alignment. A C terminus deduced from a stop codon in the corresponding DNA sequence is marked with an asterisk. Underlined residues are
those chosen to synthesize degenerate oligodeoxynucleotides for PCR; the orientations of the oligodeoxynucleotides are indicated by arrows.

The antiserum does not appear to react strongly with the C.
fimi-type CBD because it does not recognize Cex and CenA
(Fig. 8, lanes 2 and 3, respectively), both of which contain
this domain. The CenB antiserum reacted with CenB (Fig. 8,
lane 1) and with the 95- and 75-kDa Cbps from C. fimi culture
supernatant, which presumably correspond to Cbp95 and
CenD, respectively (Fig. 8, lanes 4 and 5). These data suggest
that the fibronectin type III-like repeats of CenB and CenD
contain related epitopes and that Cbp95 may also contain
similar repeats. DNA sequence analysis has now confirmed
the occurrence of an open reading frame encoding three such
repeats in the gene for Cbp95 (27). There was no apparent
reaction of the antiserum with Cbpl20 (Fig. 8, lanes 4 and 5).

DISCUSSION
CenD is the first family A P-1,4-glucanase identified in C.

fimi. It is an endoglucanase with a catalytic domain of 405

amino acid residues. All the known family A enzymes are
endo-3-1,4-glucanases, with the exception of a 1-1,4-man-
nanase from Caldocellum saccharolyticum (20), and all have
a catalytic domain of 350 to 500 amino acid residues. CenD,
like all family A enzymes whose stereochemistry has been
analyzed (3, 10), catalyzes hydrolysis with retention of
anomeric carbon configuration. It is anticipated that all
enzymes within a given family of catalytic domains will have
the same stereochemical course of hydrolysis and similar
active-site topologies (10, 12).

C. fimi CenB and CenD, but not CenA, CenC, or Cex,
contain fibronectin type III-like repeats. There are three
copies of the repeat in CenB and two copies in CenD. In both
enzymes, the repeats join a C-terminal CBD to a catalytic
domain. There is strong evidence for three similarly orga-
nized repeats in C fimi Cbp95. One copy of the repeat,
followed by a C. fimi-type CBD, is encoded by an open
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DIV YRN G S X 153

N|V Y - N G A N 504

DVY- N G T A 599

D-1 456 -TV T-ALVS Y[jV T AHD S YTF SNRA K D AG TSAA SA ARTA A 503

D-2 552 -I-TLVA IIS HJV T L S A AYTFTV RA V DIA|A G N V S A A SAP V TTA P 599

B-1 660 TQTLVGTTTAAA YIR LDLPGTAYS YV|VKAK VAGNVSASAA FTTD 708

B-2 757 T TIT V VIA Q TIT|V P T V[R L TIP STAYTYAIV|RAKNVA G VSAHSAP TIF|T TIA A 806

B-3 857 T Q|,TLVA SPJT A|T|V A R A L TP ATAYSYVVR A KDGAGNVS4VISSP IFT TL 905

CfX 154 - -YDTLGS SSGTIYSDTGLPTAATAYQYSVAAKDAAGNVS RSS LSVTTKS 199

R-1 505 - - -IA T S VPG T TATISLS T ACGTSYTF T I KIA K DIA|A GNC S AA SLNIV STT A Q 552
R-2 600 --L- A T T VGTTATI S DSYTF TKAKDAAGNVSAASINAS VK A A E 647

FIG. 5. Comparison of fibronectin type III-like sequences from bacterial polypeptides. D-1 and D-2 are the repeats in CenD of C. fimi; B-1,
B-2, and B-3 the repeats in CenB of C. fimi. ClfX is the single fibronectin type III-like sequence in an open reading frame from C flavigena;
R-1 and R-2 are the repeats from chitinase Al from B. circulans WL-12. Residues that are identical in at least five sequences are boxed.

reading frame from Cellulomonasflavigena (1), but fibronec-
tin type III-like repeats are absent in more than 100 other
bacterial and fungal ,-1,4-glucanases whose genes have been
sequenced (12, 20). The only other enzymes known to
contain such repeats are Bacillus circulans chitinase Al (two
copies) (40), Clostridium thennohydrosulfuricum a-amylase-
pullulanase (two copies) (19), and Alcaligenes faecalis poly-
3-hydroxybutyrate depolymerase (one copy) (19). The func-
tion(s) of these structures is presently unknown, but they are
not essential for catalytic activity in CenB or chitinase Al
(15, 29, 31, 40).
The catalytic activities of CenD distinguish the enzyme

from other C. fimi endo-P-1,4-glucanases (Table 2). CenD
has a relatively high activity towards partially crystalline and

CfiCenA A P G C RV DEA V T N QW P G

cficex P A G C Q V L W G V - N Q W N T

CfiCenB T P S CT V V _S - T N S W N V

CfiCenD T G SLCJA V T Y T - A N G W S G

CficenA L D W 'TY T A GR I Q L N

cficex L T F S F PS Q V TQ A WS

CfiCenB L G F A F P S G Q Q V T Q G W S

CfiCenD L GWF A F P S G Q T L QG W S

; G

C

;G

GI

Is

A

AI

highly crystalline cellulose preparations (Avicel and BMCC,
respectively) and a relatively low activity towards regener-
ated cellulose and soluble CM-cellulose. The extent of
BMCC hydrolysis by CenD after 24 h amounted to 85% of
the total cellulose in the reaction mixture, based on total
soluble sugar released into the reaction supernatant; the
extent of hydrolysis by CenB was similar (87%). BMCC is
reported to be approximately 76% crystalline, relative to
highly crystalline algal cellulose (23). These data indicate
that both CenD and CenB are able to hydrolyze crystalline
cellulose to a significant extent. Some family A 0-1,4-
glucanases are reported to have a low level of ,-1,4-xylanase
activity (4, 20); a low level of xylanase activity was also
found for CenD. The rate of xylan hydrolysis catalyzed by

T]aJX]N V I (F J- D V S S 35

F T AN V V KNT S A P V D G W 372

F T S V KITN T TT L - T W T 943

F T A V L|T N T G T T A LSI G W T 633

T A S T N GC Q S VjEjS L PfW N1G S 73

T|V TQSGS A VTV R N APIW NIG S 410

W S Q T G T T V T A TG L S|W N1A T 981
R W AQSGLSSWSS|V ATN E A|W N|A V 672

CfiCenA I P T[G T A S F G F N GSWASNPP TA S S L T TCG T 106

CfiCex I P AJG|G T A Q FG F N G S T|G T N|A APT A|F|S LN G|T P|C TV G * 443

CfiCenB L Q P CG|Q S T D ITG F N G S H P|G T N T NPPASSF[T V IE VICIG * 1012

CfiCenD L A PLWA S V EIGTN ATAPTFT VCA T T R * 708

FIG. 6. Comparison of CBDs from C. fimi P-1,4-glycanases. The CBDs from CenA, CenB, CenD, and Cex (CfiCenA, CfiCenB, CfiCenD,
and CfiCex, respectively) are shown. Residues that are identical in at least three sequences are boxed.

D-1 408
D-2 S04
B-1 611
B-2 709

B-3 807
ClfX 106

R-1 458
R-2 553
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TABLE 2. Comparison of the catalytic activities of CenA, CenB,
and CenD on five cellulosic substrates

Activity
Cvicepa BMC~a CM- Cellulose RegeneratedAvicelBMC~a cellulosea azureb cellulose'

CenA 1.98 0.23 280 107 303
CenB 1.98 10.17 1,030 16 29
CenD 1.97 10.17 77 35 28

a Activity expressed as moles of reducing sugar (as glucose) per mole of
enzyme per minute.

b Activity expressed as units per micromole; one unit of activity results in
a change of one absorbance unit in the reaction supernatant per hour.

CenD was higher than that for CenA or CenB but approxi-
mately 1,500-fold lower than that for Cex, a C. fimi P-1,4-
xylanase and P-1,4-glucanase.
Many bacterial and fungal 3-1,4-glycanases implicated in

the degradation of plant biomass have been shown to contain
structurally and functionally independent CBDs which may
or may not be related to the C. fimi-type CBD (12). These
include enzymes other than f3-1,4-glucanases: for example,
two xylanases and an arabinofuranosidase from Pseudo-
monas fluorescens subsp. cellulosa (18, 22). The present
investigation demonstrates that adsorption on cellulose or
Sephadex provides a useful screen for the identification of
such enzymes in culture supernatants and facilitates the
subsequent cloning of their corresponding genes. CenD was
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FIG. 7. High-performance liquid chromatographic analysis of

the hydrolysis of cellopentaose catalyzed by CenD to determine the
stereochemical outcome. (A) Hydrolysis products from cellopen-
taose after 15 s of incubation with CenD at room temperature; (B)
products after incubation at 37°C for 1 min and then at 100'C for 2
min, conditions which allow mutarotation at the anomeric carbon.
Details of the analysis are as described in Materials and Methods.
The a and ,3 anomers of cellotriose (peaks 3 and 2, respectively) and
cellotetraose (peaks 5 and 4, respectively) are resolved; those of
cellobiose (peak 1) are not.

1 2 3 4 5 M kDa

S_ _ _ - 106

- - -80

-49.5

FIG. 8. Reaction of polyvalent antiserum directed against CenB
with CenA, CenB, Cex, and Cbps from C. fimi culture supernatant.
Following SDS-PAGE (7.5% acrylamide), polypeptides were trans-
ferred to a nitrocellulose membrane and detected with polyvalent
antiserum directed against CenB. Lane 1, 1 pug of CenB; lane 2, 1 pLg
of Cex; lane 3, 1 ptg of CenA; lane 4, polypeptides adsorbed to
Avicel from 5 ml of C. fimi culture supernatant; lane 5, polypeptides
adsorbed to BMCC from 5 ml of C. fimi culture supernatant; lane M,
molecular mass standards, with sizes indicated on the right.

shown to be an endo-P-1,4-glucanase; the substrate specific-
ities of Cbpl20 and Cbp95 remain to be determined. How-
ever, not all 0-1,4-glycanases within a given system are
necessarily recovered by this strategy: C. fimi CenC and
Cex, both of which contain CBDs, were not recovered from
the culture supernatant, presumably, because they were not
induced under the conditions employed.
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