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Cellobiase from Agrobacterium sp. Strain ATCC 21400

W. W. WAKARCHUK, N. M. GREENBERG, D. G. KILBURN, R. C. MILLER, JR., AND R. A. J. WARREN*
Department of Microbiology, University of British Columbia, Vancouver, British Columbia, Canada V6T I WS

Received 5 August 1987/Accepted 21 October 1987

The DNA sequence was determined for the cloned Agrobacterium sp. strain ATCC 21400 P-glucosidase gene,
abg. High-resolution nuclease Si protection studies were used to map the abg mRNA 5' and 3' termini. A
putative abg promoter was identified whose sequence shows similarities to the consensus promoter of
Escherichia coli and with the nifpromoter regions of Kkebsiella. The abg coding sequence was 1,374 nucleotides
long. The molecular weight of the enzyme, based on the predicted amino acid sequence, was 51,000. The
observed Mr was 50,000 to 52,000. A region of deduced protein sequence was homologous to a region from two
other j8-glucosidase sequences. This region of homology contained a putative active site by analogy with the
active site of hen egg white lysozyme.

,-Glucosidase is one of the components required for the
efficient enzymatic conversion of cellulose to glucose. The
study of the enzymes involved in cellulose hydrolysis has
been facilitated by the use of recombinant DNA technology
(3). A number of glucanase genes, including several for
,-glucosidases, have been cloned and expressed in both
Escherichia coli and Saccharomyces cerevisiae (3, 15, 21,
33).
The nucleotide sequences of several glucanases have been

determined (3). To date, only one f-glucosidase gene has
been sequenced (12), but its transcription has not been
analyzed. We report here on the sequencing and transcrip-
tional analysis of the P-glucosidase gene (abg) of Agrobac-
terium sp. strain ATCC 21400. The abg gene encodes a
,-glucosidase (Abg) with a very high specific activity and a
high affinity for cellobiose (4, 30). This enzyme is interesting
because P-glucosidase can be a limiting factor in cellulose
hydrolysis. The availability of large amounts of very active
enzyme would be very useful for the large-scale degradation
of lignocellulosic materials. The abg gene has been ex-
pressed in E. coli to levels significantly higher than those
observed in Agrobacterium spp. (31). Knowing the sequence
of the gene should allow the development of improved forms
of the enzyme.
The active sites of several 0-1,4-glucanases were postu-

lated to be analogous to that of egg white lysozyme after
comparison of the positions of potential active site residues
in the deduced or determined protein sequences of the
glucanases with those in the active site of lysozyme (20, 23,
31). A similar arrangement of potential active site residues
occurs in a sequence within the deduced amino acid se-
quence of Abg which is partially homologous to sequences
within two other ,-glucosidases.

MATERIALS AND METHODS
Bacterial strains, plasmids, and phages. Strain ATCC

21400 served as the source of the ,-glucosidase gene. This
organism was originally identified as Alcaligenesfaecalis (9);
however, the American Type Culture Collection (ATCC) has
reclassified this isolate as an Agrobacterium species. The E.
coli strains JM101, JM109, and JM83 were as described
previously (32). The plasmids pUC13 and pUC18 were
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maintained in JM83 (18). The plasmids pTZ18U and pTZ19U
were maintained in JM101 and have been described previ-
ously by J. Vieira (U.S. Biochemical company technical
literature accompanying the vectors pTZ18/19, 1985). The
phage vectors M13mplO/11 were maintained as phage prep-
arations (18). JM101 and JM109 were maintained on M9
minimal medium plates (19). Plasmid-containing strains were
grown in Luria broth (LB) (19) containing 100 ,ug of ampi-
cillin per ml.
The plasmid pUC13::A9R5 was derived from pABG4F,

which was as described previously (30). Plasmid pUC13::
A9R5 contains 80 nucleotides (nt) of the abg coding se-
quence and 320 nt of 5'-flanking sequence and was used in
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FIG. 1. Sequencing strategy for the abg gene. (A) Schematic
showing the location of the abg coding region within the sequenced
fragment. The initiation codon and putative termination codon are
indicated. (B) Linear representation of the DNA insert in pABG5
showing the restriction endonuclease sites used in the cloning of
specific fragments for sequencing. Abbreviations: E, EcoRI; H,
HindIII; HS, hybrid SmaI site generated from ligating a blunt-ended
exonuclease III deletion fragment into the SmaI site of pUC18; R,
RsaI; S, SaII. (C) Summary of the sequences which were deter-
mined. The arrows denote the direction and lengths of each se-
quence. The numbers indicate the following: 1, sequence obtained
with cloned restriction fragments; 2, sequence obtained with specific
oligonucleotide primers; 3, sequence derived from deletion clones
by the enzymatic method; 4, sequence derived by the chemical
method.
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the Si mapping experiments. Plasmid pABG5 contains the
entire abg gene and was used for sequencing the gene.

Protein and peptide sequencing. The purification of Abg
and the generation and purification of peptide fragments
have been described (30). Amino acid sequences were

determined with an Applied Biosystems model 470A gas-

phase sequenator, utilizing the resident sequencing program.

Amino acid compositions were determined with a Beckman
6300 amino acid analyzer.
DNA sequencing. DNA was sequenced by the enzymatic

(27) and the chemical (17) methods. The vectors used to
obtain single-stranded DNA were either M13mplO and M13
mpll or pTZ18U and pTZ19U. Subclones for sequencing
were generated either by deletion with exonuclease III and
mung bean nuclease (8) or by cloning of specific restriction
fragments. Single-stranded M13 DNA template was pre-

pared as described previously (18).
Single-stranded pTZ18/19 DNA was prepared as follows.

A 2-ml culture of the recombinant clone was grown to an
A650 of 0.5 to 0.9 at 37°C in LB medium with 200 xg of

ampicillin per ml. After helper phage M13K07 (J. Vieira,
was added at multiplicity of infection of 10, the culture was

diluted into 10 ml of fresh LB medium containing 70 ,ug of
kanamycin per ml and allowed to grow for 16 to 24 h with
vigorous shaking. The supernatants were then processed as

described previously (18).
For chemical sequencing, restriction fragments were la-

beled with [a-32P]dATP using the Klenow fragment of DNA
polymerase I (16). Uniquely end-labeled restriction frag-
ments were generated by a second restriction endonuclease
digestion and were recovered from preparative agarose gels
using DEAE paper as described previously (P. Lizardi,
Binding and recovery ofDNA and RNA using NA-45 DEAE
membrane, Schleicher & Schuell application update, no.
364). Samples were analyzed on 6, 7, or 8% acrylamide gels
(acrylamide-bisacrylamide [29:1]) containing 7 M urea and
run as previously described (27). Autoradiography was done
without intensifying screens for 4 to 24 h at room tempera-
ture with Kodak XRP-1 film. Sequences were analyzed with
the SEQNCE program developed by Delaney Software

MT D P N T LA A R F P O D F

AOCCOACATCOTCTAAACCCCTCCTCATCTTTTCACATCCCATCCACTCTCCOATCACCCATCCCAACACCCTCCCACCCGTTTCCCCCCCATTY
I3 30 45 60 73 90

L F O V A T A S F 0 1 E C S T K A DO R K P S I W A F C N M P 0

TOTTTCCCOTCOCAACTCCCTCCTTCCACATCCAAGGTTCCACCAACCCCCATGGCCGCCAAGCCCCTCCATCTCG.ATCCCTTCTGCAATATCCCCGGCCC
114 129 144 159 174 189

V F O R N NO D I A C D H Y N R W E E D L D L I K E M V E A V

ATCTCT7CCCOCGTCACAATGGCCATATCGCCTCCCATCATTACAATCCCTCCCACCAACACCTCCATCTCATCAACCACATCGGCCTCCAGCCCTATC
213 228 243 258 273 288

R F S L A W P R I I P D OF P I N E K O L D F Y D R L V D O C K

CTTTCTCCCTCCCCTCCCCCCCCATCATTCCCCATCGTTTCCCCCCCATCAACCACAACGGTCTCCATTTC TACGACCCTCTCGTTCATCCCTGCAACC
312 327 342 357 372 387

A R 0 1 K T Y A T L Y H W D L P L T L M C D 0 C W A S R ST A H A

CACoCOcOATCAAOACCTATGCQACoCTOTACCATTGGoATCTOCC CC TACCCTCATGcGGGATGCCGGCTGGGCTTCCCCCTCCACCCCACATGCCT
411 426 441 456 471 486

F O R Y A K T V MA R L 0 D R L D A V A T F N E P W C A V W L S H
TCCACCCTTACOCCAACACCGTCATCCCCCCCCTACCCCACCGCCTGCATCCCCTTGCCACCTTCAACCACCCTTCCTGCGCCCTGTCCCTCAGCCATC

510 525 540 555 370 565

L Y V H A P E R N M E A A L A A Mn H H I N L A N O F V E A S
TCTATOCCCTCCACOCCCCCCCCCACCCCAACATOCAOCCcGcccrTCCCCCCATCCACCATATCAACCTCCCCCATCGTTTCCCCGTGGAACCTTCCC

409 824 639 654 669 684

R H V A P K V P V O L V L N A H A I PA S D C E A D L K A A E R

CCATOTCOCOCCCAAATGCCCccTGCGOCTcCTATTCAACCCCCATTCCCCATT TCCCCCCTCCCATCGCCACCCTCATCTCAACCCCCCCQAOCcCO
706 723 738 753 768 783

A F F H N OAF F D P V F K 0 E Y P A EM M E A L 0 D R M P V V
CCTTCCAOTTCCACAATGQCOCOTTCTTTGACCCCOTCTTCAACCGCCAATATCCCCCCCACATcOATCCAACCCCTCCcTCATCGTATCCTcTCoTOO

807 822 837 852 867 882

E A E D L COlI 0 K L D W W 0 L N Y Y M R V A D D A T P C V

ACCCCCAACACCTCwCATCATCACCCACAACCTTGACTGTcGCCCCCTCAATTATTACACCCCOATCCGCGTCCCCCACCACCCCACACCGC0CCTGc
906 921 936 951 966 981

E F P A T M P A P A V S D V K T D I 0 W E V Y A P A L H T L V E T
AATTCCCCOCCACTAToCCCCCACCccCCOTCACCCAToTcAAOACCOATATCCGCTcCCAGoTTTACCCTCCCGCGCTCCATACOCTOTCCOACACCC

1005 1020 1035 1050 1065 1080

L Y E R Y D L P E C I T E N 0 A C Y N M 0 V E N 0 E V N D 0 P R
TCT^COACCCTTACcOACCTCCCOCACTCC TACATCACCCA4AACCACCC2CCTCC TA TrOCCOTCCAACc^cATOAATCOCCCcC CCTC

1104 1119 11 - 1149 4- 1179

L D Y Y A E H L I V A D L I R D 0 Y P M R C Y F A W S L M D N F

TCOATTATTACCCCCAACACCTCCCCATCCTCCCCCATCTCATCCCTCACCcTTACCCCATGCCCCGTTATTTCCCCTCCACCCTOATCCATAATTTCO
1203 12t8 1233 1248 1263 1278

E A E 0 Y R M R F 0 L V N V D Y E T 0 V R T V K N S C K W Y S A

AATCOOCCOACOcTTACCCCATCCTTTrCCGC TCOTCCATCTCCATT^TCACACCCACcTCCGcACGoTC^ACAATAcCCCCAAOTcCTACACCCCCC
1302 1317 1332 1347 1362 1377

L A 0 F P K 0 NN 0 V A K Co*_-
TcocTTCsOcTTTTCCCAAc¢CCAACCACCTCAArcocC^CscGcTcAGTTTTCTC TCC CATC-C-C T-CCTCYccACACcscTACTAccc^CCcCCCAAT

1401 1416 1431 1446 1461 1478

CCTTCOCCTCACCCcAoTCTTTCCCCACCCCCAACCCCTCTCCCC TAAAT TCCTCTACAAOcCACACCAATOACCTCCACCCCCCCTCATCCOTAA
1500 1515 1530 1545 1560 1575

AATTCAACTOTCOAC
1594

FIG. 2. Nucleic acid sequence and deduced amino acid sequence of the abg gene. Numbering starts at the first nonvector nucleotide after
the hybrid SmaI site of pABG5. Peptide sequences obtained by amino acid sequencing are underlined. The oligonucleotide probe site used
in the initial cloning is underlined. The 3'-terminal nucleotide of the transcript is indicated with the vertical arrow. Nucleotide sequences that

may form stem loop structures are shown as opposing arrows. An 11-base-pair, directly repeated sequence is also indicated by arrows.
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FIG. 3. Mapping the 5' end of abg mRNA. After hybridization
with RNA (lane 5, Agrobacterium RNA; lane 6, yeast tRNA),

abg-specific 32P-labeled Styl-EcoRI probe (labeled at the 5' StyI

end) was treated with Si nuclease and analyzed on an 8% poly-

acrylamide-7 M urea sequencing gel alongside probe sequenced by

the base-specific chemical cleavage method (17). Lanes 1 through 4

contain the sequence ladders G>A, G+A, T+C, and C>T, respec-

tively. The arrow indicates the major protected species.

(Vancouver, British Columbia, Canada) or with the DNA

Inspector program (Textco, West Lebanon, N.H.).

RNA isolation and nuclease protection studies. RNA

isolation, Northern (RNA) blot analysis, and nuclease Si

protection studies were performed as previously described

(6).

RESULTS AND DISCUSSION

Determination of the sequence. The strategy for the se-

quence determination is shown in Fig. 1. The sequence was

determined by the enzymatic method. The chemical method

was used to eliminate ambiguities in the region from nt 920 to

1070 and in Si mapping experiments (see below). All restric-
tion sites used in the subcloning of specific fragments of the
insert in pABG5 were verified by sequencing through each of
them. The 1,599-base-pair sequence of the Agrobacterium
fragment from pABG5 is shown in Fig. 2. It starts at the first
base after the 5' half of the SmaI site of pUC18 and ends at
the last nucleotide of the SalI site.
Mapping the abg transcript initiation and termination sites

with Si nuclease. The coding region of the abg gene is 1,377
nt long. An intragenic fragment (nt 684 to 925 of the
sequence (shown in Fig. 2) was used as a probe in a Northern
blot analysis of Agrobacterium RNA to determine that the
size of the in vivo abg transcript was approximately 1,500 nt
(data not showh). Therefore, the abg mRNA is monocistronic.

Transcription initiation and termination sites were deter-
mined by high-resolution Si nuclease mapping. A StyI-
EcoRI fragment labeled at the 5' StyI site was used in the 5'
analysis, whereas a SalI-NcoI fragment labeled at the 3'
NcoI site was used in the 3' analysis. Transcription initiated
at several closely spaced sites (Fig. 3, lane 5). The major

initiation site was a T residue 22 nt upstream of the transla-
tion initiation codon. There were two more major initiation
sites at T residues 26 and 29 nt upstream of the ATG. A
similar clustering of transcription initiation sites is seen in
two cellulase-encoding genes of Cellulomonasfimi (6). Tran-
scription ternminated within a sequence of T residues, 71 nt
downstream of the translational stop codon (data not
shown). Therefore, the initiation and termination sites were
about 1,480 nt apart, a finding in good agreement with the
size of the mRNA (see above).
There are hexanucleotide sequences resembling the con-

sensus E. coli promoter sequences (10) at appropriate dis-
tances upstream of the transcription initiation sites (Fig. 4B).
The abg gene is expressed in E. coli regardless of its
orientation with respect to the vector. This suggests very

strongly that the hexanucleotide sequences do define the abg
promoter. It will be interesting to see whether other Agro-

TABLE 1. Comparison of the amino acid composition of the ,B-
glucosidase protein with the composition deduced from

the abg gene sequence'

Amino Composition deduced (no. of residues)
acid Proteinb DNA

Asx 54 51
Thr 19 19
Ser 19 16
Glx 40 34
Pro 29 26
Gly 48 43
Ala 54 53
Val 32 30
Met 15 15
Ile 14 16
Leu 36 34
Tyr 21 22
Phe 21 22
His 17 17
Lys 19 16
Arg 23 24
Trp ND 13
Cys ND 6

a Total residues were 460 (protein) and 458 (DNA). Mr values were 50,000
to 52,000 (protein) and 50,983 (DNA). Residues were calculated assuming an

Mr of 50,000; M, values were estimated from sodium dodecyl sulfate-
polyacrylamide gel electrophoresis analyses.

b Average values from two determinations. ND, Not determined.
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s5 2 3O

-35 --10 4
A. 'GCACCCGt_TGW#TGCAGGCGACAl CGCTGCTGATC I IITCCATCCGATG;GACTCTCCGATG...

S.D.
B. 1TGACA- 16 b p - TATMT

C. TGGCAC ---- TTGCA
T T T

FIG. 4. DNA sequence corresponding to the 5'-terminal region of abg mRNA. (A) The arrows whose lengths are approximately
proportional to the intensities of the bands in the gel in Fig. 3 denote the 3' nucleotides of the protected fragments of the 5' Si probe. The
ATG initiation codon is overlined. A putative Shine-Dalgarno-type ribosomal binding site (S.D.) (5) is underlined. The putative abg promoter
-35 and - 10 hexanucleotide sequences are boxed. (B) Consensus E. coli -35 and -10 sequences (10). (C) nifpromoter regions of Klebsiella
spp. (11).

bacterium promoters also function in E. coli. The putative
abg promoter also resembles the nifpromoters of Klebsiella
spp. (11) (Fig. 4C). The influence of medium composition,
especially of the nitrogen source, on Abg synthesis by
Agrobacterium spp. is being determined. The transcription
termination site is preceded by a sequence containing two
inverted repeats which could form stem-loop structures (see
Fig. 2) and which closely resemble the rho-independent
transcription termination signals of E. coli (26).

Structure of the abg gene product. The deduced amino acid
sequence is given in the one-letter amino acid code above the
DNA sequence (Fig. 2). The translational start site of the
gene was localized to the ATG codon at nt 54 by alignment
with the amino terminal sequence of Abg. A protein of 458
amino acids (Mr, 50,983) could be produced by using the
translation stop codon at nt 1431. This agrees with the
observed Mr of 50,000 to 52,000 for the native and recombi-
nant proteins (30).
The amino-terminal sequences of the protein and of the

three CNBr peptides are underlined. The agreement of the
determined peptide sequences with the deduced sequences
is shown in Fig. 5. The differences between these sequences
may be due to amino acid sequencing artifacts because of the
small amounts of peptide material used for sequencing (R.
Olaffson, personal communication). The peptide CNBrl was
only 10 residues long as deduced from the DNA sequence;
however, the determined sequence was 20 residues. It is
possible that the preparation contained a small quantity of an
incomplete cleavage product containing the adjacent (down-
stream) CNBr peptide. This would have produced the cor-
rect sequence for the first 10 residues and then a very low
level of the next amino acids, which then were incorrectly
assigned because of high background signals.
The amino acid composition deduced for the protein and

that determined for the native protein are shown in Table 1.
The differences in the values of Ser, Glx, Gly, and Lys were
quite high, perhaps because minor protein contaminants
contributed significantly and disproportionately to the esti-
mation of the amounts of the amino acids (D. McKay,
personal communication).

It has been proposed that ,-glucosidase in some bacteria
and yeasts is a periplasmic protein (1, 12, 28). One charac-
teristic structure associated with many periplasmic proteins
and other secreted proteins is a leader sequence, which
targets a protein for transport across membranes (24). How-

ever, the abg gene sequence is not preceded by a putative
leader peptide-encoding sequence.
Comparisons of the Abg sequence with other ,3-glucosidase

sequences. At present, only the following two complete
,-glucosidase gene sequences are known: abg (this work)
and the Candida pelliculosa gene, cpb (12). Part of the

CNBrl

a sequence

DNA sequence

CNBr2

a& sequence

DNA sequence

as sequence

DNA sequence

D N F It W A 9 G Y R A L A L Q T 'r A K T

K;;NF *AKZG*YR*KRPGLVHVYD

P F G Y L(F) V(A) H V D Y K T

K R F G - L V H V D Y T

Q V R T V

Q V R T V

[W] N S G - W L Y

K N 8 G KW- Y

CNBr3

a& sequence S G H VF G RCH] [N] G D I

DNA sequence N P G H V F G R H N d D I

as sequence

DNA sequence

A P D H Y C I N Q/W C I B D

AC D HY N R W R I D

N-terminal

a& sequence

DNA sequence

a& sequence

DNA sequence

tT] D P N T L A A [A] P P G

T D P N T L AA R F;P G

D F L F G v AT

D F L F G V A T

FIG. 5. Comparison of the amino acid sequences determined for
the amino-terminal portion and three CNBr peptides from Abg and
their sequences predicted from the DNA sequence. Symnbols: *,
identical residues; (X), residues obtained by amino acid sequencing
but not by DNA sequencing; [X], residues which were uncertain by
amino acid sequencing; [ ], a gap in the amino acid sequence; -, a
residue missing from one of the sequences when both were compared.
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Abg L A A HH H I N LAH H GFAGGE RH VA P K V P -VG LV

Scb R A A Q I A A AVA I F I sD S ]G Y L. t V E

Cpb N A A A D S L Y AD A L E V N S V A G E I G D V D N

Abg L N A H SAI PA-SD GEEDLRAFQF NAF-

Scb A G D L N D L DHIGJ D A,TL VN V A D NE N T I V a vN

Cpb Y GD L N N N T L N A V PL IN I S S NI N_TI jIy]-

Abg F DP V F K G - E YPARMtE- -[ALG-DRNffRHVV D

ScbT V GA I T- E A W I E H P U K A V V W G L G N E

Cpb S Q QW D L E P F I N E U V T A V I Y Y L T

Abg L G I - IrS Qk L D NPLP R.V ADDA T PG vI

ScbSVADILYmA YNP SGRLP YT I AKSI.DD IY-PIANV

Cpb V L K V FG D EINP S K D VN I P V II

Abg F P A T P A P A V S D VTT D I nE V A P A L H T L VE
Scb L YE S S A N VP D| I -YS E GL L V D YR H A N G I E

Cpb K VD - - v P P V F TES IYY D Y F K Y N K P

Abg T Y L fR

Scb P HFIEIX

Cpb V Y E

FIG. 6. Homologies in the deduced amino acid sequences of the
,-glucosidases from Agrobacterium sp. (Abg), S. commune (Scb),
and C. pelliculosa (Cpb). Homologous residues are boxed. The
positions of the starting amino acids for each sequence are as
follows: Abg, 195; Scb, 1; and Cpb, 499. Spaces have been intro-
duced in the sequences to maximize the homologies.

sequence of the Schizophyllum commune 3-glucosidase gene
(scb) is also known (20). A comparison of these DNA
sequences did not reveal any significant homologies (data
not shown).
The deduced amino acid sequence of the C. pelliculosa

,B-glucosidase (Cpb) contains a sequence with 43% homology
to the partial sequence deduced from the S. commune

3-glucosidase (Scb) (21). A comparison was made between

the homologous sequences from Cpb and Scb and a region
from Abg (Fig. 6). The homology between the Abg and Cpb
sequences was 11% (21 of 192 amino acids), and there were 10
conservative changes in the 192 amino acids compared. There
was no significant homology between Abg and Cpb outside
this region.
A putative active site for Spb was proposed by analogy

with the active site of hen egg white lysozyme (21). Similar
arrangements of putative active site residues occur in the
predicted amino acid sequences of Cpb and Abg (Fig. 7).
These putative active sites are in the homologous sequences
described above (Fig. 6).

This arrangement of lysozymelike putative active site
residues occurs in several glucanases: endoglucanases I and
II from S. commune and cellobiohydrolase I from Tricho-
derma reesei (23), and the major endoglucanase (CenA) and
an exoglucanase (Cex) from Cellulomonas fimi (31).
The active sites of two other 13-glucosidases were investi-

gated using the covalent inhibitor conduritol B epoxide (2,
14). Peptides which bound the inhibitor were isolated and
sequenced. Those from the active sites of the Aspergillus
wentii A3 ,3-glucosidase (Awb) and the bitter almond ,3-
glucosidase A (Bab) had little homology, although they both
contained similar types of amino acids (Fig. 7). However,
there was a sequence in Cpb, distinct from the sequence
which contained the putative lysozymelike active site, that
was almost perfectly homologous to the active site sequence
from Awb (Fig. 7). This raises the interesting possibility that
the Cpb protein may have more than one active site. There
were no sequences in the predicted Abg or partial Scb
sequences which were homologous to these Awb and Bab
sequences.
The aspartic acid residue in Awb which bound conduritol

B epoxide occurs in the sequence Ser/Thr-Asp-Try/Phe/Trp,
which is similar to the sequence around the essential aspartic
acid residue of hen egg white lysozyme. It is unfortunate that
more of the amino acid sequences of Awb and Bab are not

Enzyme AA Active site sequence Reference

HKWL 34 F (DS N F N T Q A T DR N T D G 8 TD) Y I
Abg 310 V F P A TM PPAP - A V §XlV K MMD I Ui
Cex 33 SIFEIL V V A -0AM KW D A M P iii
IGI 32 NUe C AI F G N QII I P G V KNKM[DI! I
CBHI 64 N K C A K N C C L D G A A Y A 9 Y G I
Scb 159 X IM 5SA 2 V P D I D Y S B G L L V C[M iv
CenA 307 lEl KA v GF A L -T NYQIMAD iii
Cpb 606 I E K V D V P D P V D K F MI S I M V D Iv

Awb A Z L G F Z G F VMN ZD v
Cpb 259 L L X L L KK L G F Q GF V !M mD iv
Bab I T Z Z G V F G lS vi

FIG. 7. Homology of putative active site sequences of various ,B-1,4-glucanases with the active site sequence of lysozyme. Abbreviations:
AA, starting position in the amino acid sequence; HEWL, hen egg white lysozyme; Abg, Agrobacterium ,B-glucosidase; Cex, Cellulomonas
fimi exoglucanase; EGI, S. commune endoglucanase I; CBHI, T. reesei cellobiohydrolase I; Scb, S. commune ,-glucosidase; CenA,
Cellulomonasfimi endoglucanase A; Cpb, C. pelliculosa P-glucosidase (sequence was aligned with lysozyme); Awb, A. wentii ,B-glucosidase
A3; Bab, bitter almond ,-glucosidase A. The critical residues in the lysozyme sequence are circled. Spaces have been introduced into Abg,
Exg, and EngA to allow alignment of the initial glutamic acid residue. Homologous residues are boxed; residues with conservative changes
from the lysozyme sequence are underlined. Amino acids for Awb and Bab were determined by protein sequencing of a peptide identified as
being involved in the active site of these proteins. Refer to the text for details. The sequence for Cpb was aligned with the Aspergillus wentii
peptide. References: i, Paice et al. (23); ii, this study; iii, Warren et al. (31); iv, Morenelli et al. (20); v, Bause and Legler (2); vi, Legler and
Harder (14).
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TABLE 2. Codon usage in the abg gene"
AA Codon No. AA Codon No. AA Codon No. AA Codon No.
Phe UUU 3 Ser UCU 0 Tyr UAU 8 Cys UGU 0

UCU 19 UCC 7 UAC 14 UGC 6
Leu UUA 0 UCA 0 Och UAA 0 Op1 UGA 1

UUG 1 UCG 3 Amb UAG 0 Trp UGG 13
CUU 2 Pro CCU 2 His CAU 12 Arg CGU 10
CUC 13 CCC 8 CAC 5 CGC 11
CUA 1 CCA 0 Gln CAA 0 CGA 0
CUG 17 CCG 16 CAG 6 CGG 3

Ile AUU 2 Thr ACU 2 Asn AAU 9 Ser AGU 0
AUC 14 ACC 9 AAC 9 AGC 6
AUA 0 ACA 1 Lys AAA 1 Arg AGA 0

Met AUG 15 ACG 7 AAG 15 AGG 0
Val GUU 4 Ala GCU 6 Asp GAU 22 Gly GGU 9

GUC 12 GCC 25 GAC 11 GGC 24
GUA 1 GCA 5 Glu GAA 11 GCA 0
GUG 14 GCG 17 GAG 18 GGG 10

a AA, Amino acid; No., number of occurrences.

known so that a better comparison could be made with the
lysozymelike active site sequence.

It is not surprising that these enzymes may have similar
active sites since they all hydrolyze P-1,4-glycosidic link-
ages. The investigation of these active sites should now be
facilitated by a combination of the ability to overexpress the
cloned gene products, the identification of essential amino
acids through the use of site-specific mutagenesis of the
cloned genes, and the use of active site inhibitors.
Codon usage in the abg gene. Codon usage in a gene could

be involved in the regulation of its expression (7, 25, 29). If
efficient translation requires codon usage to be consistent
with the cognate tRNA levels in the host, codon usage in a
heterologous gene might affect its expression in E. coli.
Only 47 of the 61 codons are used in the abg gene (Table

2). There is a 79% bias to G or C in the third position of the
codons used. The G+C contents of the first and second
positions of the codons are 64.4 and 43.4%, respectively.
The overall G+C content of the genus Agrobacterium is 59.6
to 62.8% (13), and the G+C content of the abg gene is
60.4%. The bias for G or C in the third position is higher than
the 53% observed in E. coli, but is not as extreme as the bias
observed in genes from organisms with higher G+C contents
(22). Despite the bias for G or C in the third position of the
codons, codon usage in abg is not very different from that
seen in E. coli genes (data not shown).
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