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SUMMARY

The DNA of two previously isolated recombinant clones, one from Pseudomonas sp. NCIB 8634 ( = Cellvibrio mixtus) (pPC71) and another from
Pseudomonas fluorescens subsp. cellulosa (pPFC4) that express endoglucanase activity in E. coli was sequenced. Plasmid pPC71 had three open reading
frames, two of which include portions of plasmid pBR322. The third open reading frame occurs entirely within the Pseudomonas DNA insert and encodes
a protein with a molecular mass of 5845 Da. The DNA insert in pPFC4 was found to contain an open reading frame (PFC-ORF) that encodes a protein
of 32189 Da. The major endoglucanase produced in E. coli cells carrying pPFC4 is about 30000 Da [26]. It is concluded that PFC-ORF encodes this
endoglucanase. Both ribosome and catabolite gene activator protein binding sites lie upstream from the initiating codon of PFC-ORF. An interesting feature
of the PFC-ORF protein is the presence of amino acid motifs Val-Ser-Ser-Ser-Ser and Val-Val-Ser-Ser-Ser-Ser-Ser that occur within a 25 amino acid span.

INTRODUCTION

A number of microorganisms are capable of enzymati-
cally degrading cellulose by the synergistic activities of
endoglucanase and exoglucanase to produce cellobiose.
In some microorganisms, cellulolysis proceeds further
with p-glucosidase converting cellobiose to glucose. In
many microbial systems, the cellulolytic process is
mediated by a multienzyme complex [11,27]. In Clos-
tridium thermocellum, for example, this complex (viz., cel-
lulosome)is comprised of at least 15 different components
[12,17]. How this and other similar complexes are as-
sembled, the enzymic features of the constituent proteins
and the derivation of these moieties have been the targets
of recent research efforts [9,15]. Generally, it appears that
families of genes encode the components that make up
these multienzyme complexes although the multiplicity of
some of the components may be due to post-translational
modification (e.g., ref. 26).

Multiple forms of endoglucanase activity have been
reported for both Pseudomonas fluorescens subsp. cellulosa
and Pseudomonas sp. NCIB 8634 (a.k.a. Cellvibrio mixtus)
[19,29,31]. As well, molecular cloning has resuited in the
isolation of different endoglucanase genes from
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P. fluorescens subsp. cellulosa which appear on the basis of
restriction endonuclease mapping to be distinct
[5,6,14,25]. Previously, two cloned DNA fragments, one
from P. fluorescens subsp. cellulosa and the other from
Pseudomonas sp. NCIB 8634 were each shown to encode
endoglucanase activity in Escherichia coli [25]. In the
present study, the endoglucanase genes that are encoded
by these two pseudomonad DNA fragments were se-
quenced. The gene from P. fluorescens subsp. cellulosa
encodes a protein, which prior to cleavage of a putative
leader sequence, is equivalent to 32 189 Da; whereas, the
open reading frame represented within the cloned DNA
fragment from Pseudomonas sp. NCIB 8634 may code for
an endoglucanase with a molecular mass of 5845.

MATERIALS AND METHODS

The methods for DNA isolation, bacterial transfor-
mation and DNA cloning followed established protocols
{1,15]. Enzymes were purchased from Bethesda Research
Laboratories, Pharmacia, Boehringer-Mannheim and
New England Biolabs and used in accordance with the
manufacturers’ directions. For DNA sequencing
reactions, [¢->>S]dATP was purchased from New
England Nuclear. Endoglucanase activity in E. coli carry-
ing plasmid-borne chromosomal fragments from either
Pseudomonas fluorescens subsp. cellulosa or Pseudomonas
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sp. NCIB 8643 (= Cellvibrio mixtus) was scored by the
congo red-carboxymethyl cellulose overlay method [23].

Restriction endonuclease fragments were subcloned
into vectors M13mp18 and M13mp19 [30] and nucleotide
sequences were determined using the dideoxynucleotide
chain-termination method [20]. The DNA sequence of
each subcloned fragment was usually determined from
complementary strands using M13 sequencing primers.
When overlapping segments of the same region were not
available several independently isolated clones were se-
quenced. DNA sequences were determined across all re-
striction site junctions in the M13 subclones. DNA se-
quence data were entered into an Apple Ile computer and
analyzed by means of the “DNA and Protein Sequence
Analysis” program [16]. Hydropathy analysis was carried
out using the algorithm of Kyte and Doolittle [10] and
graphically represented wvsing an 1l-residue window.
Searches of the EMBL (Release 15.0) and NBRF-PIR
(Release 16.0) databases for sequence similarities were
conducted through Bionet National Computer Resource
for Molecular Biology (Mountain View, CA) using the
FASTA program [18].

RESULTS

A Pseudomonas sp. NCIB 8643 genomic library that
was constructed in pBR322 and maintained in Escherichia
coli was previously screened for endoglucanase activity
and two clones, pPC71 and pPC72, were isolated [25].
Further analysis revealed that both of these clones
contained the same DNA fragment, i.c., about 450 bp and
lacking Pvull, Pstl, BamHI, EcoRl, Sall, Hinlll, Kpnl,
Xhol and Xbal restriction endonuclease sites [25].

Cells carrying pPC71 are unstable with respect to
maintaining endoglucanase activity. After growth over-
night in liquid culture, up to 50% of the cells give a
negative response with the congo red-carboxymethylcel-
lulose assay. These endoglucanase-negative cells carried
plasmid DNA from which the Pseudomonas DNA had
been deleted. To obtain a more stable clone, the insert of
pPC71 with flanking regions from pBR322 (i.e., an EcoRI-
Sall fragment) was subcloned into pUCI9 to yield
pUC/T1ES. E. coli cells that were transformed with
pUC/7TIES did not produce endoglucanase activity
although the inserted DNA was stably maintained. The
EcoRI-Sall fragment from pUCI19/71ES was cloned into
the expression vector pHUB2 [2]. The E. coli cells that
were transformed with pHUB?2 and contained the EcoRI-
Sall fragment gave a positive endoglucanase response;
but, as with pPC71 clones, stable maintenance of both
endoglucanase activity and the insert DNA was not
possible.

The nucleotide sequence of the EcoRI-Sall fragment

from pUCI19/71ES was determined from both Sau3A
fragments and the entire insert which had been cloned
into M13mp vectors. The DNA segment that was derived
from Pseudomonas sp. NCIB 8634 was found to be 430 bp
in length and flanked on the 5’ and 3’ ends by 375 and
271 bp of DNA that originate from pBR322 (Fig. 1). The
DNA sequences of the pBR322 segments agreed precisely
with the published data [22].

Three open reading frames (ORFs) were identified
within the EcoRI-Sall insert from pUC19/71ES. The first
ORF (ORF1) codes for a protein of 136 amino acids with
a predicted molecular mass of 14522 (Fig. 1). However,
only the final 39 amino acids of this protein are encoded
by the DNA from Pseudomonas sp. NCIB 8634,

ORF2 comprises 166 amino acids and would yield a
protein with a molecular mass of 18714 (Fig. 1). If ORF2
is expressed, the amino acid sequence would comprise

| [ | I |
1 TCTCATGTTTGACAGCTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAAT 60

61 TGCTAACGCAGTCAGGCACCGTGT;?E;AQTCTAACAATGCGCTCATCGTCATCCTCGGC 126
121 ACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTTATRCCGGTACTGCCRGGCCTCTTG 180
181 CGGGATATCGTCCATTCCGACAGCATCGCCAGTCACTATGGCGTGCTGCTAGCGCTATAT 240
241 GCGTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCACTGTCCGACCGCTTTGGLCGE 300
301 CGCCCAGTCCTGLTCGCTTCGCTACTTGGAGCCACTATCGACTACGCGATCATGGCGACC 360
361 ACACCCGTCCTGTGGATCAACCATAGAATTAATAATGCAAGCAARACCAATACTATAAAT 420

421 TGCCACAAAGGTTTATTAGCAGATTCAACACGCTGCGGCAATACCTGTTCAATCAACCCA 480

~ORF1*

481 TGTTTTIGGGCATGACGATCATAAGCAGCCAACACTTGCACTACATCAAGTTTTACTAAR 540

*ORF 2~

541 GTCGCGTAGGAGCGTAAATAACCGCGGGTAAACGTATCCGATCTTCACCATTGECCCTTA 600

rbs  *ORF3-
601 TTTGCTGCCAAAGTTTATCCCGCATCTACAACAATTAGCGAGCAARATGCCGCTCTACGT 660
1 M P LYY 5

661 GGAAGAGGGGTATACCCACAACCTGCGCAARAAGCTGCGCAATGGCGAGTTREATGTGAT 720
6 £EEGY THMLRIKE KLRNGETLTDVI 25

721 TATTGTGCGCTGCCGTTTGTGGAGCCGBATGTGGTTACCCAGTCGCTCTACGACGAACCT 780
26 I YR CRULUMWSRMWLPSRSTTNHNL 45

<ORF3*
781 TITGTGGTETTGATGCCCANAGATCCTCTACGCCGGACGCATCETAGCCAGCATCACCEE 840
% L W C 48

841 CGCCACAGGTGCBATTGCTGGCGCCTATATCGCCRACATCACCGATGGGBAAGATCEGRC 900
901 TCGCCACTTCGGGCTCATGAGCGCTTGTTTCGRCGTGGETATGGTGGCAGGCCCCGTGGE 960
961 CGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAA 1020

e

«0R
1021 CGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGC 1076

Fig. 1. Nucleotide sequence of the cloned EcoRI-Sall fragment
from pPC71. Nucleotides 1 to 375 and 805 to 1076 are derived
from pBR322. The solid underlined segment denotes DNA from
Pseudomonas sp. NCIB 8634. The predicted amino acid se-
quence, which is shown as a single-letter code, is for ORF3. A
potential ribosome binding site for ORF3 is marked by a solid
overline and rbs. The asterisks of ORF-labelled rightward
arrows indicate the first nucleotide of ORF1, ORF2 and ORF3
and the asterisks of ORF-labelled leftward arrows indicate the
sites of the last nucleotide of the stop codons of ORF1, ORF2
and ORF3.



79 residues from the N-terminus that would be encoded
by DNA from Pseudomonas sp. NCIB 8634 while the
remaining amino acid residues would be encoded by
pBR322. The putative initiating codon for ORF2 is GUA
which is not normally used for this role. The 5" upstream
region of ORF2 lacks sequences that resemble promoter
regions from either E. coli or Pseudomonas and, as well, no
potential ribosome binding site is evident. On this basis,
it is unlikely that ORF2 would be translated in E. coli.

ORF3 is contained entirely within the cloned DNA
from Pseudomonas sp. NCIB 8634 and encodes a protein
of 48 amino acid residues (Fig. 1). The calculated molecu-
lar mass of this protein is 5845 Da. A potential ribosome
binding site (GCGAG) lies four nucleotides from the ini-
tiating codon. No E. coli-like promoter regions are evident
in the immediate upstream region although transcription
could be initiated by the tetracycline resistance gene pro-
moter from pBR322. Hydropathicity analysis revealed
two hydrophilic regions that flank an internal hydropho-
bic domain (Fig. 2A). Searches of the entire EMBL and
NBRF-PIR databases did not reveal any sequences with
similarities to ORF3.

Digestion of plasmid pPFC4 with the exonuclease
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Fig. 2. Hydropathicity plots. (A) Hydropathicity index for
ORF3 that occurs in cloned DNA from Pseudomonas sp. NCIB
8634. (B) Hydropathicity index for PFC-ORF that occurs in
cloned DNA from Pseudomonas fluorescens subsp. cellulosa. The
hydropathicity indices were determined by the method of Kyte
and Doolittle [10] with an 11-residue window. Negative values
denote regions of hydrophilicity on the Kyte-Doolittle aggregate
scale. Hydrophobicity is represented by values greater than zero.

0.2 kb

Fig. 3. Restriction endonuclease map and strategy for the
sequencing of pPFC4. In the uppermost representation, the solid
box denotes the DNA segment which after digestion with Bal31
retains endoglucanase activity, the hatched box represents that
part of the original insert that can be removed by Bal31 digestion
without loss of endoglucanase activity and the thin horizontal
lines represent pPBR322 DNA. A partial restriction endonuclease
map is shown (A, 4val; B, BamHI; E, EcoR1; H, HindlIl; K,
Kpnl; P, Pstl; S, Sall; V, Pvull). The stippled box denotes the
open reading frame, PFC-ORF, that occurs within the se-
quenced region. The thin arrow shows the direction of tran-
scription. The thick arrows below the expanded segment of the
original 10.6 kb insert represent the extent and direction of some
of the sequence reactions. The kilobase scale measures only the
expanded DNA segment that was sequenced and PFC-ORF
(stippled box) and not the uppermost representation.

Bal31 after cleavage with restriction endonuclease Sal/l
yielded a fragment of about 4.6 kb from the 5’ end of the
insert that expressed endoglucanase activity in E. coli
(Fig. 3). DNA sequencing from the 5’ end of the 4.6 kb
fragment revealed an open reading frame (PFC-ORF)
which is 864 nucleotides in length (Fig. 4). Preceding the
initiation codon, which is at nucleotide position 285, there
is a potential ribosome binding site (GAGG) at nucleotide
position 274. No promoter consensus sequences are
evident in the immediate upstream vicinity (i.e., within
50 nucleotides) of the translation initiation site. The PFC-
ORF terminates at nucleotide position 1146 with two
successive amber codons.

The 288 amino acid residues encoded by PFC-ORF
would yield a protein with a molecular mass of 32189.
Using the weight-matrix method [24], a likely cleavage
site for a leader peptidase is located at the alanine residue
at amino acid position 38 of PFC-ORF (score = +4.95).
Another possible cleavage site is at the alanine residue at
position 12 (score = +2.25). Removal of a signal se-
quence at alanine-38 would result in a processed protein
with a molecular mass of 28 185 while if cleavage occurred
at alanine-12 the product would have a molecular mass of
31100. Polyacrylamide gel electrophoresis of periplasmic
extracts from E. coli carrying plasmid pPFC4, under non-
denaturing conditions [8], yielded a value of
30000 + 2000 Da ( + S.D.; n = 4) for the major endoglu-
canase [26].
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1 CTGGCTTAAATCCAACTGGAACGCCAAGCTGRTRCGCGCCGCCATGEGCTEGAAGATGAA 60
61 GGCGGCTACCTGACTRATCCGECGAATAAAGACAGGGTCACCCABGTGGTEGATGCCGCT 120
121 ATCGCCAATGATATGTACGTGATTATCGACTGGCACTCGCACAACGCCCACCAATACCAG 180
181 AGCCAGECCATTGCCTTTTTCCAGGAAATGGCACGCARGTACGGCGCCACACCATGTGAT 240

rbs
241 CTACGAGATTTACACGACCGCTGCAGGTTAGCTGGAGCAACACCATGCAAGCCCTATGCL 300
1 MQALC 5

301 CAGGCGGTGGACTCGCGGCTATTCRCGCCATAGACCCGRACAACCTGATTATTATCLGRC 360
§ P GG&GG&LAATRATIDE®PLDNTLTIEITILIVR 25

361 ACCCCACCTGETGCGCAGGCATGTGGATCETCGCCBCCAATGACCGTEATGACCGGCTAC 420
26 HPTWECAGMWI VAANDRDDR RL 45

421 CACAGAATGATTGCCTATACCCTGCEATTTTBATGCCEECACCAGGCCAATACCTGCGCA 480
46 PQNDCLYPATITLMPAPGOQYLR 65

481 CAAGGCCCAGACAGCCCTTAACCGCGGGTATAGCCTCTTTGTCACGAGTGEGTTCAGTAA 540
66 TRPRQPLTAGIASLSRYGEGSYV 85

541 TGCAAGCGATGETGCTGTGGCAACAGCGAGACCAAGGCTGEGTCAGCTTTATGAAAACCA 600
86 MQAMYLWQOQRDQGWVSFMKT 105

601 ACCATATCAGCAACGCCAACTGGCGCTCAATGATAAGGTCCAGGCCTTCACGCTERTTCC 660
106 N HTSNANWERSMIRSRPSRUWTF 125

661 CGGCGCCAGTGCCAACGECGGCTTGEGTCAACTCACAACCTCACCTCCGECGCCCTRGLE 720
126 PAPVPTAAWYNSOQPHLRRPE 145

721 AAGAGCATTATCAGCGGCTGBCCCAGCTACAACACGAGCAGCAGCAGCTCHGLCATRTCE 780
146 QEHYQRLAQLOQHEQQQLGRY 185

781 AGCCARACCCAGTGTCCAGCTCCAGCCAGGCCCCGGTAGTCAGCTCCAGTTCCTCCACEG 840
166 E P P S SSSQAPVVSSSSST 185

841 CCAGCTCGGTAGTGTCCTCCGCGRTATCCGGCCGAGCGAGTGCGAACGTGETACGGCACT 900
186 ASSVVYSSAVSGEGRASANYVRH 205

901 GCGTGCTACCCGCTRTGCAGTACCACCACCAATGGCTGGGCCTGGGAGAACAATGLGCAG 960
206 RY LPAVQYHHQWLGLEGET GTCA 225

961 TCTGTATTGCCCGCGCCACCTGCAGCGGTCAGCAGCCCCCTRGGEATTGTCGGTGGCAGT 1020
226 VIARATCSGEQQPPGDCRUWE 245

1021 ACCAGCAGCCAGGCCATGGCCAGCGTCCGCTCCAGCTCCTCCAGCCTRGTTTCCAGCTCG 1080
246 Y QQPGHGQRPLAQ FQl 268

1081 CGCTCCAGCAGCTCTTCCAGCGTTCAAAGCTCAAGTBCGCCCAGTTCCGTCGCCAGCAGT 1140
266 ALGEQLFQRSKILEK AQ FRROQOZ 285

1141 AGTGGCAGTAGTAGCGGTCAATGCAGCTATACCGTGACCAACCAGTGGAGTAACGECTTT 1200
286 Q¥ Q 288

1201 ACCGCCAGCATCCGCATTGCCAATTAACGECACCAGTCCAATCAATGGCTGGAACCTCAG 1260

1261 CTGGAGTTACAGCGATGETCCCCETGACCAATAGCTGGAATGTCTCCGGCAACAATCCTA 1320
1321 CACGGCATCACTGCTGACGCATATCAGCCACCAGCETG 1358

Fig. 4. Nucleotide sequence and predicted amino acid sequence

(shown as a single-letter code) of PFC-ORF. A potential ribo-

some biding site (rbs)is marked at nucleotide positions 274-278.

The underlined segment marks a potential catabolite gene acti-
vator protein binding site.

Of the 37 glutamine residues in PFC-ORF, 28 are
confined to the region from amino acid sites 145 to 288.
In the amino acid segment from sites 170 to 195, 15 of the
25 residues are serine and 6 are valine. Within this seg-
ment, two similar motifs, Val-Ser-Ser-Ser-Ser and Val-
Val-Ser-Ser-Ser-Ser-Ser, occur. Hydropathy analysis
predicts a protein with a moderately low hydrophobic
nature (Fig. 2B). A computer search of the entire EMBL
and NBRF-PIR databases did not uncover any sequences
with significant similarity to PFC-ORF.

DISCUSSION

In the present study, a small DNA fragment from
Pseudomonas sp. NCIB 8634 which encodes endo-
glucanase was sequenced. Of the three open reading
frames (ORFs) that were found in pPC71, one (ORF3)is
contained entirely within the Pseudomonas DNA frag-
ment. The two other ORFs (ORF1 and ORF2) represent

proteins that are derived from both pBR322 and Pseudo-
monas DNA sequences. As noted above, ORF2 is unlikely
to form a protein in E. coli. If ORF1 produces endo-
glucanase activity, then the final 39 amino acids of the
carboxy terminus which are encoded by Pseudomonas
DNA are sufficient for this activity. This amino acid se-
quences has no distinctive features that would denote
cellulolytic activity such as the egg-white lysozyme cataly-
tic site [21,28]. The predicted molecular mass encoded by
ORF3 is 5845 Da which, if this sequence expresses endo-
glucanase activity, would be, to date, the smallest cloned
endoglucanase gene. Endoglucanases of this size have
been reported to occur in Cytophaga [3] so that size per se
does not necessarily preclude ORF3 from being an endo-
glucanase gene.

The originally cloned fragment form P. fluorescens
subsp. cellulosa that expressed endoglucanase activity was
10.6 kb long. With Bal31 digestion, the size of the DNA
fragment encoding endoglucanase activity was reduced to
4.6 kb. About 68% (i.e., 3.2 kb) of this segment was se-
quenced and found to contain a single open reading frame
(PFC-ORF) that codes for a 32189 Da protein. This de-
rived molecular mass corresponds closely to the molecu-
lar mass of the major endoglucanase that is produced in
E. coli by pPFC4 as determined by polyacrylamide gel
electrophoresis [26]. In addition, the major endo-
glucanase synthesized by E. coli/pPFC4 is found in the
periplasm [26] which is consistent with the presence of a
putative leader sequence in PFC-ORF.

There is additional evidence which is consistent with
PFC-ORF being an endoglucanase gene. The motifs,
Val(Ser), and (Val),(Ser)s, which are located within a
span of 25 amino acids in PFC-ORF are very similar to
domains that have been found in another carboxymethyl-
cellulase (CMCase) gene from P. fluorescens subsp. cellu-
losa [6]. In this regard Knowles et al. [9] have noted that
a Ser/Thr ‘hinge’ region may be a general feature common
to a number of different cellulases.

Another similarity between PFC-ORF and the
CMCase gene from P. fluorescens subsp. cellulosa is the
presence of a putative catabolite gene activator protein
(CAP) binding sequence that is upstream from the coding
region of both of these DNA sequences. The CAP region
for PFC-ORF lies at nucleotide position 231 (see Fig. 4).
On the basis of the 14 bp consensus sequence from E. coli
[4], the PFC-ORF CAP DNA site shows 9 matches out
of 14. Discrepancies to this extent do occur among the
CAP DNA binding sites of E. coli [4].

In summary, on the basis of commonality of unique
amino acid sequence domains that are present in both
PFC-ORF and an identified Pseudomonas CMCase gene
[6] and the agreement between the calculated molecular
mass of PFC-ORF and the observed value of the major



endoglucanase that is produced by E. coli/pPFC4 [25], it
is inferred that PFC-ORF encodes an endoglucanase.
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