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Unusual Sequence Organization in CenB, an Inverting
Endoglucanase from Cellulomonas fimi
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The nucleotide sequence of the cenB gene was determined and used to deduce the amino acid sequence of
endoglucanase B (CenB) of Cellulomonasfimi. CenB comprises 1,012 amino acids and has a molecular weight
of 105,905. The polypeptide is divided by so-called linker sequences rich in proline and hydroxyamino acids
into five domains: a catalytic domain of 607 amino acids at the N terminus, followed by three repeats of 98
amino acids each which are >60% identical, and a C-terminal domain of 101 amino acids which is 50%
identical to the cellulose-binding domains of C. fimi cellulases Cex and CenA. A deletion mutant of the cenB
gene encodes a polypeptide lacking the C-terminal 333 amino acids of CenB. The truncated polypeptide is
catalytically active and, like intact CenB, binds to cellulose, suggesting that CenB has a second cellulose-
binding site. The sequence of amino acids 1 to 461 of CenB is 35% identical, with a further 15% similarity, to
that of a cellulase from avocado, which places CenB in cellulase family E. CenB releases mostly cellobiose and
cellotetraose from cellohexaose. Like CenA, CenB hydrolyzes the ,3-1,4-glucosidic bond with inversion of the
anomeric configuration. The pH optimum for CenB is 8.5, and that for CenA is 7.5.

Many cellulases appear to be composed of discrete do-
mains (la, 2, 17, 33). The functions of the domains are
known for some of them (9, 11, 27, 30, 32) and inferred for
others on the basis of sequence similarities to domains of
known function (la, 2). A frequent motif is a cellulose-
binding domain (CBD) connected to a catalytic domain by a
so-called linker sequence rich in proline and/or hy-
droxyamino acids. The CBD can be at the N or C terminus
of a particular enzyme. Sequence similarities between cata-
lytic domains allow the cellulases to be grouped into families
(la, 2, 15). A particular microorganism may produce cellu-
lases belonging to several families, and some families include
enzymes from bacteria, fungi, and plants. Sequence similar-
ities are also seen in the CBDs.
The gram-positive bacterium Cellulomonas fimi uses cel-

lulose as a carbon source. Several of its cellulase genes were
cloned and expressed in Escherichia coli (8). Two of the
genes, cex and cenA, encoding exoglucanase Cex and en-
doglucanase CenA, respectively, were sequenced (23, 35),
and the proteins they encode were characterized in some
detail (9-11, 18, 19). Both enzymes comprise a CBD of about
110 amino acids joined to a catalytic domain of 280 to 300
amino acids by a linker of about 20 amino acids containing
only proline and threonine, the Pro-Thr box. The Pro-Thr
boxes are virtually identical and the CBDs are about 50%
identical, but the catalytic domains share no identity and
belong to different families (15, 23, 33, 35). The CBD is at the
N terminus of CenA but the C terminus of Cex. The CBDs
and catalytic domains retain their functions after separation
by proteolysis (9, 11, 18).
A third C. fimi cellulase gene, cenB, was also cloned (8),

and the enzyme it encodes was identified as endoglucanase
CenB (10). Like Cex and CenA, CenB binds to cellulose
(24). CenB produced by E. coli is more than twice the size of
Cex and CenA: the Mrs of Cex, CenA, and CenB are 47, 49,
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and 110 kDa, respectively. The relationship, if any, of CenB
to Cex and CenA was not established. This report presents
the nucleotide sequence of the cenB gene; an analysis of the
deduced amino acid sequence ofCenB and its relationship to
those of Cex, CenA, and other cellulases; and further
analysis of the catalytic activities of CenB.

MATERIALS AND METHODS

Bacterial strains, plasmids, bacteriophage, and media. E.
coli JM83 and JM101 were used as hosts for plasmids pJB301
and pJB303, which were described previously (24), in the
cloning and sequencing experiments. Strain RR1 was used
for enzyme production. E. coli BD1527 supE supF was used
as the host for propagation of bacteriophage X::TnSseql b221
cI857 Oam29 Pam8O (22). Cultures were grown at 30°C in LB
medium (20) supplemented with 50 jig of ampicillin and/or
kanamycin ml-' when appropriate. Solid medium contained
1.5% agar (Difco). The bacteriophage stocks were prepared
by the plate lysis method by using overlays containing 0.7%
agar.

Transposition of TnSseql. E. coli JM83(pJB301) was in-
fected with A::TnSseql at a multiplicity of infection of 5 to
10. Plasmid DNA was extracted from the resulting popula-
tion of kanamycin- and ampicillin-resistant cells and used to
transform JM83 to kanamycin and ampicillin resistance. The
resulting clones were screened for carboxymethyl (CM)-
cellulase activity on CM-cellulose agar plates (28), and the
plasmids they contained were analyzed by digestion with
appropriate restriction endonucleases to determine the sites
of insertion of Tn5seql in pJB301. An appropriate set of
insertions was chosen for sequencing.
DNA sequencing. Plasmid DNA was sequenced on both

strands by the double-strand modification of the chain ter-
mination sequencing method by using the primers appropri-
ate to Tn5seql (22). The primers for filling in any gaps were
synthesized on an Applied Biosystems 380A automated
DNA synthesizer. The M13 universal primer was used to
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sequence the deletion in pJB303. The enzyme used was T7
DNA polymerase, with 7-deaza dGTP instead of dGTP in
nucleotide mixes adjusted for the high G+C content of C.
fimi DNA. Plasmid DNA was isolated by the alkaline lysis
procedure (4) and purified by dye-buoyant density centrifu-
gation (20).

Sequence comparisons. Amino acid sequences were
aligned with the PCGENE program from Intelligenetics. The
words "identity" and "identical" are used in preference to
"homology" and "homologous" to indicate the relatedness
of the sequences (6).
Enzyme assays. Cell extracts were prepared by rupturing

the cells in a French pressure cell and then removing the
debris by centrifugation. CenB was purified by affinity
chromatography on cellulose as described previously (24).
CenB activity was quantified with CM-cellulose as the
substrate, either colorimetrically or viscometrically, as de-
scribed previously (10). Cellooligosaccharides were pre-
pared by partial acid hydrolysis of cellulose, followed by
chromatographic fractionation on a charcoal-celite-stearic
acid column (21). Reaction mixtures contained 6 to 7 U of
enzyme and substrate at final concentrations of 0.5 to 10.0
mM in a total volume of 200 pJl of 50 mM potassium
phosphate buffer, ph 7.0. Hydrolysis of oligosaccharides was
determined qualitatively by thin-layer chromatography of
the reaction products on silica gel (5). The anomeric config-
uration of the immediate product of hydrolysis of cello-
hexaose was determined by 1H nuclear magnetic resonance
as described previously (34).

Binding to Avicel. The enzyme was incubated on ice for 1
h with 10 mg of Avicel in 100 ,ul of 50 mM phosphate buffer
(pH 7.0) in a 1.5-ml Eppendorf tube. The tube was shaken
periodically. The Avicel was washed by centrifugation and
suspension, once with 0.5 M NaCl and three times with 10
mM Tris hydrochloride (pH 8.0). Finally, the bound enzyme
was eluted with water and quantified with CM-cellulose as
the substrate.
Enzymes, chemicals, etc. All restriction endonucleases and

T7 DNA polymerase were purchased from Bethesda Re-
search Laboratories, Burlington, Ontario, Canada, or Phar-
macia, Baie d' Urfe, Quebec, Canada. Radioactive deoxyri-
bonucleoside triphosphates were from New England
Nuclear Research Products, Boston, Mass. Low-viscosity
CM-cellulose was from Sigma Chemical Co., St. Louis, Mo.
The degree of polymerization was 400; the degree of substi-
tution was 0.7.

RESULTS

Nucleotide sequence of cenB. The first 165 nucleotides of
the coding sequence and the 274 nucleotides immediately
upstream of the translational start codon of the cenB gene
were sequenced previously (24). The Mr of mature CenB,
110 kDa, indicated that the entire coding sequence of the
gene was approximately 3 kb. In the present work, TnSseql
insertions were used to sequence the remainder of the gene
and the downstream region.
The sequence obtained contained an open reading frame

of 1,045 codons, starting with the ATG identified previously
as the translational start codon (Fig. 1). The calculated
molecular weight of the encoded polypeptide, less the leader
peptide of 33 amino acids, was 105,905, consistent with the
110-kDa Mr of mature CenB. The promoters and ribosome-
binding site of cenB were identified previously (24). There
was a 16-bp inverted repeat 33 nucleotides downstream from

the translational stop codon (Fig. 1). This could be a tran-
scriptional stop signal.
Codon usage in cenB. Codon usage in cenB was very

similar to that in cex and cenA and reflected the 71 mol%
G+C in C. fimi DNA (Table 1). Twenty-six codons were not
used in cenB, and 21 of these were also not used in cex and
cenA. The only noticeable differences between the genes
were greater usage of the arginine codon CGG and the
glycine codon GGG in cenB.
The hydroxyamino acid content was 22%. Many enzymes,

including cellulases, which hydrolyze polysaccharides have
hydroxyamino acid contents in the range of 20 to 30%.

Predicted amino acid sequence of CenB. The predicted
amino acid sequence of CenB had several striking features.
The sequence of the 100 amino acids at the C terminus of the
polypeptide was more than 50% similar to the CBDs of Cex
and CenA (Fig. 2). Although its role, if any, in the binding of
CenB to cellulose was not established, the sequence was
designated CBDCenB. Similar sequences occur at the N or C
termini of other bacterial cellulases and a xylanase (1, 3, 13,
14, 36). The consensus for these sequences is given in Fig. 2.
CBDCfnB was preceded by three contiguous repeats of a

sequence of 98 amino acids which were >60% identical (Fig.
3). The 17 or 18 amino acids at the N terminus of each repeat
were very rich in proline and threonine residues and were
considered to be analogous to the Pro-Thr boxes of Cex and
CenA (Fig. 1). There was also a sequence of 13 amino acids
rich in proline and hydroxyamino acids between the third
repeat and CBDCenB (Fig. 1). These Pro-Thr boxlike se-
quences will be referred to as linkers.
A tetrapeptide was repeated with variations at five uni-

formly spaced locations within the polypeptide: FTTD at
amino acids 505 to 508, TTTD at 611 to 614, FTTD at 705 to
708, FTTA at 802 to 805, and FTTL at 902 to 905 (Fig. 1).
Four of these repeats occurred at the N termini of the
linkers, but that at amino acids 505 to 508 was not part of an
obvious linker.
The sequence of amino acids 1 to 461 of CenB was 35%

identical to that of a cellulase from avocado, Persea ameri-
cana, which comprises 469 amino acids (31). A further 15%
of the amino acids were conservative changes, giving an
overall similarity of 50% (Fig. 4). The similarity was greatest
for amino acids 1 to 245 of CenB.
A deletion mutant of cenB. The nucleotide sequence of a

cenB deletion mutant described previously (24) showed that
it encoded a polypeptide lacking the 333 amino acids at the C
terminus of wild-type CenB (Fig. 2). The cenB sequence was
joined out of frame to the LacZ-encoding sequence so that
amino acid 679 of CenB was followed by 14 heterologous
amino acids and a stop codon. The deletion removed CBDCenB
and two of the adjacent repeats. The calculated molecular
weight of the mutant polypeptide was 74,447, in good
agreement with the Mr of 72 kDa observed previously (24).
The truncated polypeptide could still bind to cellulose. The
specific activity of a cell extract of RR1(pJB301), which
encodes wild-type CenB, was 136 U mg-1. About 70% of the
total activity and 74% of the activity in the periplasm could
be bound to Avicel. The corresponding figures for RR1
(pJB303), which encodes the truncated polypeptide, were 118,
23, and 50%. This suggests that the truncated polypeptide has
a lower affinity for Avicel than does the native polypeptide.

Catalytic mechanism of CenB. Previous work showed that
CenB behaves like an endoglucanase with CM-cellulose as
the substrate (10). CenB gave several products from cellotet-
raose and predominantly cellobiose plus cellotetraose from
cellohexaose. The enzyme was inhibited by high concentra-
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GGATCCCGCGCCCGGCGCGAGCCCGCAACCCACG
CGCCCACGGATCGGGCCTCACGCAGCCCGACGTTGGCGGCCCGGGCCGCGGCGCGCACCTCGAGACCGAGGAGCCCCCGCC TGAGCGCCCGTTGGCCGCGCACGCCGCTGGTGAGCCCGCTGCA

_P2 ,P1
ATCGTTTAGGGCGTTGACCTGCGGACGC.ACCCGCTCTGGACGCATGCGCCAGGCGTCGCTGCGGGTGCGACTGCCCCACACCACGGGTCGCCGCACCACCACTCCCGTGCCCGGAAGAGGCCCC

y S.D.
M L ROQYV P K T L V A G G S A L A V A V G V L V A P L A T G A A A A P T N A

ATGCTCCGCCAAGTCCCACGCACGCTCGTCGCGGGTGGCTCCGCCCTCGCCGTCGCCGTCGCGCTGCTCGTCGCCCCGCTCGCCCACCGGCGCGGCCGCCCCCGCCCACCTACAACTACGCC

E A L Q K 5 N F F Y Q A Q R S G D L P A D F P V S N R G D S G L T D G A D V G K
GAGGCCCTGCAGAAGTCGATGTTCTTCTACCAGGCGCAGCGCTCCGGCr.ACCTGCCCCGCCGACTTCCCGCCTCTCCTGGCGCCGGCGCACTCCGCGCCTGACCGACGGCGCCGACGTCGCGCAAG

D L T G SN Y D A G D H V K F G F P N A F S A T M L A N G A I E S P T G Y S K A
GACCTCACCGGCGGCTGGTACGACGCCGGCGACCACCTCAACTTCGGCTTCCCGASCGCGTTCArCCCCCACGATGCTCGCGTGGGCGCCGCATCGAGAGCCCCACGGGCTACTCGAAG.CCC

G S L D E L K D N L R F V S D Y F V K A H T A P N E L Y V Q V G D G E A D H NN
GGCTCGCTCGACGAGCTCAAGGACAACCTGCCGGTTCCTCAGCGACTACTTCGTCAAGGCGCACACTGCCCCGAACGAGCTGTACGTGCAGGTCGGCCCACGGCGAGGCGGACCACAAGTGG

N G P A E VKYT M A R P S H K I S A S C P G S D V A A E T A A A L A S S A I V L
TGGGGACCCGCCGAGCCTCATGACCATGGCGCGGCCGTCGCACAAGATCAGCGCGTCCTGCCCCGGCTCGGACGTGGCCGCGGAGACGGCCGCCGCGCTGGCGTCGTCGGCGATCGTCCTC

K G D D P A Y A A T L V S H A K Q L Y T F A D T Y R G A Y S,D C V T A A S A Y Y
AAGGGCGACGACCCGGCCTACGCCCCCGACCCTCGTGTCGCACGCCAAGCAGCTCTACACGTTCGCGGACACCTACCGCCGCGCCCTACTCCGACTGCGTCACGGCCGCCTCGGCCCTACTAC

K S N S D Y Q D E L V N G A Y N L Y K A T G D A T Y L A K A E A K Y D K L G T E
AAGTCCTGGTCCGGCTACCAGGACGAGCTCGTCTGGGGCGCGTACTGGCTCTACAACGCCACCGCSCACGCCCACGTACCTCGCCAAGGCCGAGGCCGACTAkCGACAAGCTCGGCACGGAG

N Q S T T R S Y K N T I A N D N K Q F G T Y A L L A N e T G K Q K Y V D D A N R
AACCAGAGCACCACGCGCTCCTACAAGTCGGACGATCGCGTGGGACAACAAGCAGTTCGGCACGTACGCCCCTGCTCGCCATGGAGACCGGCAAGCAGAACTACGTCGACGACGCGAACCGC

M L D Y N T VG NG Q K V P Y S P C G Q A V L D SN G A L R Y A A N T S F V A
TGGCTCGAkCTACTGGACCGTCGGCGTCAACGGCCCAGAAGCTGCCCCTACTCGCCCGGGAGCCCCACGCCTCSCCGCACTCGTGGGGTGCGCTGCGGTACGCCCCCCAACACCTCGTTCGTCGCCC

L V YT D "N T D A T RK A R Y H D F G V RQ I N Y A L G D N P R S S S Y VV G
CTCGTCTACTCCGACTGGATGACCGACGCGCACCCGC AGGCCCGG CTACCACGACTTCGCTCGGCAGATCACTACCTCG GCGACAACCCGCCGTCGTCGTCGTACGTCGTCGGC

F D A N P P T A P H H R T A HN S " L D S I T T P A O S R H V L AL V G G P
TTCGGCGCGCCAACCCGCCGCACCGCGCCCCCACCACCGCACCGCCCCACGGGTCGTGGCTCGACTCGCATCACGACGCCCGCCCAGTCr.CGGCACGTCCTGTACGGCGCCCCTCGTCGCGGCTCCC

G S P N D A Y T D'S R 0 D Y V A N E V A T D Y N A G F T S A L A R L V E E Y G G
GGCTCGCCCAACr.ACGCCTACACCGCACACCCCGGCAGGACTACGTCGtCAACGAGGTCGCr.ACCGACTACAACGCCWGCTTCACCAGCCCCCCTCGCTCCGCCTCGTCGAGC.AGTACGGCGGC

T P L A S F P T P E O P D G D Q L F V E A M L N Q P P S G T F.T E V K AM I R N
ACGCCGCTCGCGTCGTTCCCCGACCCCCCGAGCAGCCCGACGGCCCACCAGCTC.TTCGTCGCAGCCCATGCTCAACCAGCCGCCCAGCGGCACGTTCACCGAGGTCAAGGCCATGATCCGCAAC

O S A F P A R S L K N A K V R Y H F T T D G F A A S D V T L S A N Y S E C G A O
CAGTCGGCGTTCCCCGGCGCGGTCGCTGCAACAACGCCAAGGTCCGGTACTGCTTCACGACCGACCCCTTCGCCCCCCTCCGACGTCACGCTCTCCGCCAACTACAGCGAGTGCCCGCGCGCAG

S G K G V S A G D T L G Y V E L S C V G Q D I H P G GG S 0 H R R E I O F R L T
TCCGGCAAGGCCCTCACCCCCGWGCCCCCACCGCTCGCGCTACGTCGAGCTCTCCTGCCGTCGrCCCAGGACATCCAcCCGGCCCCCCCAGTCGCAGCACCCCGCcGGAr.ATCCACGTTCCGGCCTCACC

S P A MN N P A N D P S Y T DL T Q T A L A K A S A I T L Y D G S T L V N G K E
GGCCCCCCCCGGGTGGAACCCCGCCCAACGACCCGTCGTACACCGGGCCTGACGCAGACCGCGCTCGCCAAGGCGTCCGCGATCACGCTCTACGACGGCAGCACGCTCGTCTGGGGCAAGGAG

e T G T T T D T_T_P_P T T P lV A T G V T T V G A S L S M A A S T D A G S G
CCGACCGGGACGACGACGGACACCACCCCGCCGACGACGCCCCCGCACGCCCGTCGCCACCGCGTCCACGACCGTCGGWCGCTCGCTGTCGTGGCCCrCGCTCCACCGACGCCCCGGTCGGGC

VV A G Y E L Y R V Q G T T Q T L V G T T T A A A Y I L R D L T P S T A Y S Y V V
GTCGCCGGGTACGAGCTGTACCGGGTGCAGGGCACGACGCAGACGCTCGTCGGGACGACGACCGCCCGCrGGCGTACATCCT.CrCGCACCTCACCCCCCG.CACGGCGTACTCCTACGTCGTC

K A K D V A G N V S A A S A A V T FIT T D T G Z T E P P T T P G T V A S A V
AAGCCCAAGGACGCTCGCCGGCAACGTGTCCGCCCGCGTCCGCCCGCCGTCACCTTCACGACCGCACACCACCGGGGAGACCCAGCCGCCCGACGACCCCGGGCACGCCCGTGGCGTCCGCCGGTC

T O T G A T L A N A P S T G D P A V SG Y D V L RKV Q G T T T T V V A Q T T V P
ACGTCGACGGGTGCCCACGCCTCGCGTGGGCCCCCGTCGACCGGCGCACCCGGCGGTGArCGCCCCACGACGTGCTrCGCGTCCCAGGGCACGACGACGACGGTG.GTCGCCGCAr.ACGACCGCTCCCGC

T V T L S G L T P S T A Y T Y A V R A K N V A D D V S A L S A P V T FPT T A A P
ACCGCTGCACGCTGCSCCGGCCTGACCCCGCAGCACGGCCCTACACCTACGCGGTGCGGGCGAAGAACCTCGCAGGTGACGTCTCGGCCCCTCTCGGCGCCCCGGTCACGCTTCACGACGCCCCGCACCGC

P V D T V A P T V P C lV A S N V A T T G A T L T W_T A S T D S G G S G L A G
CCGGTCGACACCGTCCCACCGACCGTCCCCGGCACGCCGGTCGCGTCGAACGTCGCCACr.ACGGGCCCCCACGCTCACCTGGACCGCGTCGACCGACAGCGGCCCCCAGCGGGCTGGCCGGCC

Y E V L R V S G T T O T L V A S P T T A T V A L.A G L T P A T A Y S Y V V R A K
TACGAGGTGCTCCGGGTCAGCCGGCACGACGCAGACCCTCGTCGCCTCGCCCCACGACGGCGACCCTCGCCCTCGCCGGCCTCACGCCGGCCACCGCCCTACAGCTACGTGGTGCGGGCCAAG

D S A D N V S A VIS S P V T F T T L P V T S T P SIC T V V Y S T N S " N V G F T
GACGGCGCGGGGAACGTCTCCGCGGTGAGCAGCCCGGTGACGTTCACr.ACCCTGCCGGTGACGAGCACCCCGTCGTGCACGGTCCTGTACTCGACGAACAGCTGGAACGTCGGCTTCACG

G S V K I T N T G T T P L T " T L G F A F P S G Q Q V T Q GS S A T M S TT G T
GGGTCGGTGAAGATCACCAACACGGGCACCACGCCGCTGACCTGCCACCCTCGGGTTCGCCTTCCCCTCTGGCCAGCACCTCACGCAGGGCTGGAGCGCCACGTGGTCGCCAGACCGGGACG

T V T A T D L S N N A T L O P S O S T D I G F N D S H P G T N T N P A S F T V N
ACGGTCACCGCCCACCGCCTCGTCGTGGAACrCCCACCCTGCCArGCCCCCCCAGAGCACCGACATCGCCGTTCAACGGWTCCCACCCCGGGACCAACACGAACCCr.Cr.TCGTTCACCGTGAAC

G E V 5C *

GAGTGCATCTGCGGCTGAGCCGTCCCATTCDAGGCGAACCCCTCACGGTCGACGCCCCCCGGCGCACCTGG CGTCCCCGCCCGTTCGTCTGACCGGTCTCACGCAGGAACAWCCG

CGCAGCCGGGTCGTCGTGAACGTCACGCCCAGCGCGATCASCCCCGACGAAGTAGCCCCACGTGCCCACCACATCGCGCCCWCAGAGGGCACCCCTCGTCACGCCGCGGATCAGCTCGACGCCG
TGCCACAGCGGCATCOCCCSSCATGAACCQCTGCACCGCCTCGCGGCSACACCGACAGCGGGTAGAACGTGGCCGAGAACAGGAACATCGGCAGCAGGACGAAGTTGATCCAGTCCATCTGCC
TGGAACCTCTTCATGTAGCTCGCTGACGGCCATGCCCCACGGCCGCGCAAGCCCCAACGCCCATGAGCAGGACCCGCGGCACGCCCAGCACGGCCGTCCACGCCAGGTTGAGGCCCATCACCTGCC
ATGACCGTGACCAAGCCCCAACGCCCSAGACGCCCCCGCGGAGCACCGCGTACGCGATCTCGCCGAGCGCGACGSCGAGCCCCCCCATCGACGTCGTGAGCATCGCGTCGTACAGCTTGCCG
AAGTGCATCTTGAAGAAGACGTTCCACGTCGAGTCGTAGACCGCTCCCSSCATCGCCGAGAC

FIG. 1. Nucleotide sequence of cenB and its flanking regions and deduced amino acid sequence of CenB. The nucleotide sequence is
numbered with + 1 as the A of the translation initiation codon of cenB. The amino acid sequence is numbered with + 1 as the N-terminal amino
acid of mature CenB. S.D., Putative ribosome-binding site. P1 and P2, previously identified promoters (12). Symbols: V, leader peptide-
processing site; V, endpoint of the C-terminal deletion of cenB in pJB303. The inverted repeats downstream of the TGA translational stop
codon are underlined. Linkers in the amino acid sequences are boxed.

tions of cellotetraose (data not shown). Direct 1H nuclear
magnetic resonance observation of the chemical shift and
coupling constant of the anomeric proton at the new hemi-
acetal center (34) showed that CenB hydrolyzed cello-
hexaose with inversion of the configuration. The theoretical
a-OH:3-OH ratio at C1 before hydrolysis of cellohexaose
was 1:2, and the measured ratio was 1:2.4. The theoretical

a-OH:,3-OH ratios at C1 after hydrolysis of cellohexaose
were 2:1 with inversion and 1:4.5 with retention, and the
measured ratio was 1.5:1.
pH optimum of CenB. The optimum pH for hydrolysis of

CM-cellulose by CenB was 8.5 to 9.0. This contrasted with
the optimum of 7.0 to 7.5 observed for CenA (data not
shown).
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TABLE 1. Codon usage in cenA, cex, and cenB

Amino acid No. of occurrences in:
---A-AJ Codon

cex cenB

2 1
28 63
2 3

34 73
1 0

12 14
o 0
6 16
o 0
1 0
o 0

23 32
o 0

28 54
o 0
6 6
0 1

22 35
o 0
14 27
1 7

38 79
0 2
3 17
o 0
7 13
o 0
9 13
o 0
o 0
o 0
o 0
16 44
o 0
9 23
o 0
19 31
6 10
0 0

22 29
1 0

10 21
0 1
22 40
0 1
8 22
0 0

13 41
0 0
9 23
0 1

22 61
0 0

27 76
12 26
0 0
10 50
0 0

27 65
0 0
14 24
0 0
1 1
0 0

CfCenA 1 A PG R V DA T N G i - D VSS 33

CfCex 336 S G P AC Q V L W G [N QWN |TG F T A N V T |S S A P D 370

CfCenB 912 S T V V] V VG F T T 963

Consensus C N W G F A V V N G

CfCenA 34 ]DW T Y T A[E NL G ASPWN G Fsl 71

CfCex 371 T TFP S G Q Q A W S T S GS A R N 408

CfCenB 942 G P S G Q Q V T Q G I A TJWNL UT TV, A[ IG SNNA T 979

Consensus W G W G W N G

CfCenA 72 IpTTG G S F G F N G SWA SN T|P A S F1SL N G T T G T V P T 109

CfCex 409 .A F.AG F N G S H|T G T N AA PITAFS L N GTP CPTV G* 443

CfCenB 980 L Q PQST NDIGFNG SI G T N TN P A TSI VN GE VG 1012

Consensus I G T FGF G G S P S N G C

FIG. 2. Amino acid sequences of the CBDs. CfCenA, Endoglu-
canase CenA of C. fimi; CfCex, exoglucanase Cex of C. fimi;
CfCenB, putative CBD of endoglucanase CenB of C. fimi; Consen-
sus, consensus sequence for the CBDs of nine bacterial cellulases,
including CenA, CenB, and Cex. The boxes enclose identical
residues. The dots indicate conservative changes. The numbers
refer to the positions of the amino acids in the sequences of the
mature polypeptides. The dashes indicate gaps left to improve the
alignment. The asterisks indicate stop codons.

DISCUSSION

CenB is unusual in several respects. It has three repeats of
a sequence of 98 amino acids, it has a bacterial-type CBD,
and it is among the longest cellulases sequenced to date.
Repeated sequences and CBDs occur in other cellulases (la,
2). However, except for cellobiohydrolase CbhII of the
fungus Trichoderma reesei, which has an N-terminal fungal-
type CBD followed by a duplication of 20 amino acids (29),
the cellulases described to date have either repeated se-
quences or a CBD. The longest repeated sequence reported
previously is of 61 amino acids, in endoglucanase CelB from
alkalophilic Bacillus sp. strain N4 (7). The mature forms of
CenB and CelB from Caldocellum saccharolyticum (25) and
the Egl proenzyme from Pseudomonas fluorescens subsp.
cellulosa (13) comprise 1,012, 1,011, and 962 amino acids,
respectively. There are other cellulases of similar or greater
size, but until their sequences are published, their structural
organizations cannot be compared with those of CenB,
CelB, and Egl.
A partially cloned and sequenced open reading frame,

clJX, from Cellulomonas flavigena appears to encode a
polypeptide with some close similarities to CenB. The C
terminus of this polypeptide, ClfX, comprises a linker se-
quence of 37 amino acids containing only proline, aspartate,
glutamate, and threonine; this is followed by a sequence of
97 amino acids which is 50% identical to the copy of the
repeated sequence immediately preceding CBDCenB in CenB

#1 611 NFP P T T P G T P V ATG AST A S A G Y LYRV Q GT| 659
2 709 HT EtP TPTTPVAAGVTPGAV LA A STIIGR--PRVQIGT 756
#3 807 T P GLPVASN8VASATL,NNN1S nAS AL E v_RV YG 856

106 D T S T N V 153

#1 660 I T T TAEA IIDL PTII YVV T VAGNV A S A A V T F T T D 708
#2 757 T T V AIT TIV T R !I L T P ! T A YI1 V R AK N VA GE S AIL SljVTFTTAA 806
#3 857 T v TRLV FPGL T P T A YY V V R AK NS T L 905
ClfX 154 VG S SG S |D T| GVSLAA K KS 199

FIG. 3. Repeated amino acid sequences in CenB. The boxes
enclose identical residues. The dots indicate conservative changes,
and the dashes indicate gaps left to improve the alignment. The
numbers refer to the positions of the amino acids in the sequence of
mature CenB. ClfX is part of the amino acid sequence predicted
from an open reading frame on a fragment of Cellulomonasflavigena
DNA that encodes a cellulase.

encouea

Ala

Arg

Asn

Asp

Cys

Gln

Glu

Gly

His

Ile

Leu

Lys

Met
Phe

Pro

Ser

Thr

Trp
Tyr

Val

Stop

GCT
GCC
GCA
GCG
CGT
CGC
CGA
CGG
AGA
AGG
AAT
AAC
GAT
GAC
TGT
TGC
CAA
CAG
GAA
GAG
GGT
GGC
GGA
GGG
CAT
CAC
ATT
ATC
ATA
TTA
TTG
CTT
CTC
CTA
CTG
AAA
AAG
ATG
TTT
TTC
CCT
CCC

CCA
CCG
TCT
TCC
TCA
TCG
AGT
AGC
ACT
ACC
ACA
ACG
TGG
TAT
TAC
GTT
GTC
GTA
GTG
TAA
TGA
TAG

cenA

1
21
2

33
0
14
0
2
1
1
0

22
0
19
0
6
0

21
1

10
4

48
0
3
0
3
0

12
0
0
0
0

17
0

12
0

13
3
0
9
0

10
0

22
0

10
0

15
0
5
0

29
0

21
16
0

13
0

24
0
6
0
1
0
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CfCenB 1 AP1TYNYAEALQKSMFFYQAQRSGDLPADFPVSWRGDSGLTDGADVG0DLTGGWYDAGDHVFGFPMAFSATMLAWGAIESPTGYSKAGSLDELKDNLRFV100
PaCel 1 -SDLH sd E iL fEG K tNQRlt s sSYHV V y Nl L tt I --F CLMPEQveNArAA wS 97

CfCenB 101 SDYFVKAHTA-PNELYVQVGDGEADHKWWGPAEVMTMARPSHKISASCP
PaCel 98 t Li S TS S ePN rC ERP D DTP NVY v tQN

?GSDVAAETAAALASSAIVLKGDDPAYAATLVSHAKQLYTFADTYRGAYSDC 199
aas FGDS Ss stK 1HT VKvfE 0 s S 197

CfCenB 200 V-2TAASAYYKSWSGYQDELVWGAYWLYKATGDATYLAKAEAEYDKLGTENQSTTRSYKWT9IAWDNKFGTYA-6-LLAETGKQKYDDANRWLD6WTVGV296
PaCel 198 lGsVVCPf C y n 1 S Hr sON s mtYIQsNGHT adDDDY-- fS DDKRVGTKVLLSKGF QDRIEEL L KVHtDNyiCSLIP T 295

CfCenB 297 NGQKVPYSPGGQAVLDSWGALRYAANTSFVALVYSDWM--------- TDATRKARYHDFGVRQINYALGDNPRSSSYVVGFGANPPTAPHHRTAHGSWL 386
PaCel 296 SSFQAQ t LLYKG ASN 0 VtS a 1L T aNyINSSGGHASCG TtVTAKNLISLAKK vD I 0 AKM m ERY QHV GsSLPSv 395

CfCenB 387 DSITTPAQSRHVLYGALVGGPGSPNDAYTDSRQDYVANEVATDYNAGFTSALARLVEEYGGTPLASFPTPEQPDGD
PaCel 396 Q-vHPNsIPCNAGfQY YSS PN ILVGAILGGPDNRdSFs DRNNyQQsEPATYINAPLVGALa FaANPVTE*

462

469

FIG. 4. Similarity between the amino acid sequences of CenB (CfCenB) and an avocado endoglucanase (PaCel). Identical amino acids in
the second sequence are left blank. Conservative changes are indicated by lowercase letters. The numbers refer to the positions of the amino
acids in the sequences of the mature polypeptides. The dashes indicate gaps left to improve the alignment.

(Fig. 3); finally, there is a sequence of 104 amino acids which
is >60% identical to CBDCenB (1).

Short sequences of amino acids rich in proline and/or
hydroxyamino acids appear to link discrete functional do-
mains in many cellulases. In CeOB, for example, two linkers
divide the enzyme into three domains. The N-terminal
domain has exoglucanase activity, and the C-terminal do-
main has endoglucanase activity (25). CenB and Egl are also
divided into discrete regions by linkers, the C-terminal
region being a CBD in each case (Fig. 5). This suggests that
the repeated sequences in CenB form three discrete do-
mains, the function(s) of which have yet to be determined.
The CBDs of CenA (11), Cex (11), CenB (24), and Egl (13)

can be removed without destroying the enzymatic activities
of the proteins (Fig. 5). The active fragments from CenA and
Cex do not bind to cellulose (11, 18); the active fragment
from CenB does, but not as strongly as the intact enzyme.
Although the binding of CBDCenB to cellulose has yet to be
tested, CenB could have a second site for binding to cellu-
lose. This may be its catalytic domain, perhaps the active

CfCenA

CfCex

1 418

I 443

1 443

i i

CfCenB I
1 1012

CsCelB I m -I
1

site itself, or a second discrete binding sequence. The
catalytic domain has no obvious linker sequences within it to
delineate a second putative binding domain (Fig. 1 and 6).
The sequence of amino acids 463 to 603, which includes the
tetrapeptide FTTD at residues 505 to 508 and is not homol-
ogous to the avocado cellulase sequence, could contain
another cellulose-binding site.
Sequence similarities between and the clustering of hydro-

phobic amino acids in the catalytic domains of cellulases
place endoglucanase CelD from Clostridium thermocellum
(16), endoglucanase Egl from P. fluorescens subsp. cellulosa
(13), and the endoglucanase from avocado (31) in family E of
cellulases and related enzymes (2, 15). Sequence similarities
alone, however, place CelD and Egl in subfamily E1 and the
avocado enzyme in subfamily E2 (2). CenB is similar to the
avocado enzyme but not to CelD and Egl, placing it in
subfamily E2 (Table 2). Interestingly, there is a short se-
quence of amino acids which is conserved in all four en-
zymes (Fig. 6).
The three C. fimi cellulases characterized to date belong to

three different catalytic domain families; CenA belongs to
family B, CenB belongs to family E, and Cex belongs to
family F (2, 15). However, they all have the same type of
CBD. Such diversity and conservation within the cellulases
of a microorganism may be quite common. C. thermocellum
produces endoglucanases belonging to families A, D, and E
which have the same repeated sequence of 24 amino acids
(2), and T. reesei produces cellulases belonging to families
A, B, and C which have similar CBDs and linkers (2, 15, 17).
It is clear that many cellulases arose by shuffling of a limited
number of progenitor sequences. Families A, B, and F
contain fungal and bacterial enzymes, and family E contains
bacterial enzymes and a plant enzyme(s) (2, 15).
Although CenB is more than twice as long as Cex and

CenA, the difference between the catalytic domains is less

1011

PfEgl
1 962

FIG. 5. Overall structures of cellulases. The lengths of the poly-
peptides are drawn to scale. _, Linker sequence; M, CBD
sequence; 13, repeated sequence; H-I , part of the polypeptide
removed without loss of catalytic activity. The numbers indicate the
first and last amino acids in the mature polypeptides, except for
PfEgl, for which the numbers refer to the proenzyme. CfCenA,
CfCenB, and CfCex are endoglucanases CenA and CenB and
exoglucanase Cex from C. fimi, respectively. CsCelB is the bifunc-
tional endoglucanase-exoglucanase from C. saccharolyticum. PfEgl
is an endoglucanase from P. fluorescens subsp. cellulosa.

CfCenB 41 A D V G K D L T G G W Y D A G D HV F FPMAFS 69

PaCel 40 D G S S YH DLVGGYD A G DNL K,FGL 68

CtCelD 143 G H T K GWD A G D Y
NI

XYVV AIT 171

PfEgl 186 G T C NSL N V GWY DAGD G YVVNGG 214

FIG. 6. Conserved sequences in the enzymes of cellulase family
E. CfCenB, endoglucanase CenB from C. fimi; PaCel, an endoglu-
canase from P. americana; CtCelD, endoglucanase D from C.
thermocellum; PfEgl, an endoglucanase from P. fluorescens subsp.
cellulosa. The numbers refer to the positions of the amino acids in
the sequences of the mature polypeptide, except for PfEgl, which is
numbered from the N-terminal methionine because the processing
site has not been identified. The boxes enclose identical residues.
The dots indicate conservative changes.

i

I m
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TABLE 2. Sequence similarities between the enzymes in
cellulase family E

% Identity (% conservative changes) with:
Enzymea

CtCelD PfEgl PaEgl

PfEgl 31 (16)
PaEgl 20 (11) 20 (13.5)
CfCenB 22 (12.5) 22 (12.5) 34 (16.5)

a CfCenB, Amino acids 1 to 469 of endoglucanase CenB from C. fimi;
CtCeID, amino acids 102 to 542 of endoglucanase CelD from C. thermocellum;
PaEgl, amino acids 1 to 469 of an endoglucanase from P. americana; PfEgl,
amino acids 146 to 607 of an endoglucanase from P. fluorescens (numbering
starts at Met).

pronounced. The catalytic domains of Cex and CenA are
about 300 amino acids long, and that of CenB is probably
about 450 amino acids or less, on the basis of the deletion in
pJB303, its homology with the avocado enzyme, and the
possible presence of a second binding sequence.
CenA (34) and CenB hydrolyze the ,-1,4-glucosidic bond

with inversion of the anomeric configuration, and Cex hy-
drolyzes it with retention of the configuration (34). Enzymes
that cause inversion must hydrolyze the bond by a mecha-
nism different from that of those that retain the configuration
(26). If enzymes within a family are closely related, they
should all hydrolyze with inversion or retention of the
anomeric configuration and have similar pH optima. These
criteria could be as important as sequence similarities in
assigning cellulases to families.
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