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Abstract We cloned two genes for alkaline pectate lyase,
pel-4A and pel-4B, from alkaline pectinase-producing alka-
liphilic Bacillus sp. strain P-4-N. The pel-4B gene product
Pel-4B was purified to homogeneity and characterized. The
purified enzyme had an isoelectric point of pH 9.6 and a
molecular mass of 35 kDa, values close to those of the pel-
4A gene product Pel-4A. The pH and temperature optima
for activity were as high as 11.5 and 70°C, respectively,
which are the highest among the pectate lyases reported to
date. The mature Pel-4B (304 amino acids; 33,868 Da) was
structurally related to the enzymes in the polysaccharide
lyase family 1 and showed 35.6% identity with Pel-4A on
the amino acid level. It showed significant homology to
other pectate lyases in the same family, such as the enzymes
from alkaliphilic Bacillus sp. strains KSM-P7 and KSM-
P103 and the fungi Aspergillus nidulans and Colletotrichum
gloeosporioides f. sp. malvae
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Introduction

Pectinolytic enzymes are produced by plant pathogenic
microorganisms and cause leaf spot, sift rot, and wilt (Coll-
mer and Keen 1986). On the other hand, they are very use-
ful enzymes in the food and fabric industries to extract,
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clarify, and liquefy fruit juices and wines and to ret plant
fibers, respectively (Alkorta et al. 1998; Sakai et al. 1993).
Pectate lyase (Pel; pectate transeliminase, EC 4.2.2.2) is the
enzyme that cleaves a-1,4-galacturonosidic linkages of
polygalacturonic acid (PGA) by a trans-eliminative mecha-
nism (Rombouts and Pilnik 1980). Many genes for micro-
bial Pels have been cloned and sequenced, and the enzymes
form a superfamily based on their deduced amino acid (aa)
sequences (Nasser et al. 1993; Shevchik et al. 1997; Briihl-
mann and Keen 1997). The tertiary structures of PelC
(Yoder et al. 1993) and PelE (Lietzke et al. 1994) from
Erwinia chrysanthemi EC16 and BsPel from Bacillus subtilis
SO113 (Pickersgill et al. 1994) have been solved, and they
have a structural topology of parallel 3-strands with a large
right-handed coil (Heffron et al. 1998).

We have characterized highly alkaline Pels and
sequenced their genes from alkaliphilic bacilli (Kobayashi
et al. 1999a, 1999b; Hatada et al. 1999, 2000; Ogawa et al.
2000; Sawada et al. 2000). We also isolated two different
genes for Pels, designated pel-4A and pel-4B, from alka-
liphilic Bacillus sp. strain P-4-N, which produces an alkaline
pectinase (Horikoshi 1972). In a previous paper, we identi-
fied the enzymatic properties and gene sequence of the pel-
4A gene product salt-dependent Pel-4A (Kobayashi et al.
2000). Here we characterize the enzymatic and genetic
properties of the pel-4B gene product Pel-4B and compare
its deduced aa sequence with those of Pel-4A and other
enzymes belonging to the large Pel superfamily (Henrissat
et al. 1995).

Materials and methods
Bacterial strains and propagation

The source of the gene examined in this study was alka-
liphilic Bacillus sp. strain P-4-N (Horikoshi 1972). The
organism was propagated in an alkaline liquid medium as
described by Kobayashi et al. (2000).
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Purification of the enzyme

All purification steps were performed at temperatures not
exceeding 5°C. Ammonium sulfate was added to the cen-
trifugal supernatant of the culture broth (470 ml) up to 70%
saturation. The precipitate formed was dialyzed against
10 mM Tris-HCI buffer plus 1 mM CaCl, (pH 7.0; buffer
A), and the retentate (94 ml) was loaded onto a column
(2.5%x22 cm) of DEAE-Toyopearl 650 M (Tosoh, Tokyo,
Japan) equilibrated with buffer A. Pel activity was passed
through the column by elution with buffer A. The nonad-
sorbed fractions were pooled (230 ml) and concentrated to
75 ml by ultrafiltration on a YM-3 membrane (Amicon,
Beverly, MA, USA). The solution was put on a column (2.5
x12 cm) of CM-Bio-Gel A (Bio-Rad, Hercules, CA, USA)
equilibrated with buffer A, and the column was initially
washed with 200 ml of buffer A. Proteins were eluted with a
600-ml linear gradient of 0 to 120 mM KClI in the same
buffer. The active fractions eluted between 60 and
70 mM KCI were combined (165 ml) and concentrated to
11 ml by ultrafiltration. The concentrate was put on a col-
umn (1.5 x 28 cm) of CM-Bio-Gel A (Bio-Rad) equili-
brated with 10 mM borate buffer plus 1 mM CaCl,
(pH 9.5), and proteins were eluted with a 600-ml linear gra-
dient of 0 to 80 mM KCl. The active fractions eluted
between 30 and 35 mM KCI were pooled and concentrated
and stored in 20% (v/v) glycerol until use.

Enzyme assays

Pel activity was routinely measured at 30°C and pH 10.5 in
50 mM glycine-NaOH buffer containing 0.6 mM CaCl,.
One unit of enzymatic activity was defined as the amount of
protein that produced 1 pmol of unsaturated oligogalactur-
onides equivalent to 1 pmol of unsaturated digalacturonide
per minute (Hasegawa and Nagel 1966). Protein was deter-
mined with a DC-protein assay kit (Bio-Rad) with bovine
serum albumin as the standard protein.

Electrophoresis and N-terminal amino acid sequence
Polyacrylamide gel electrophoresis (PAGE) was done as
described by Taber and Scherman (1964) with 7.5% (w/v)

acrylamide slab gels with 25 mM Tris-192 mM glycine
(pH 8.3) as the electrode buffer. Sodium dodecyl sulfate-

Table 1. Purification of Pel-4B

(SDS) PAGE was done with 7.5% acrylamide slab gels by
the method of Laemmli (1970) with an SDS-PAGE molecu-
lar weight standard kit (Pharmacia, Uppsala, Sweden) as
marker proteins. Isoelectric focusing (IEF) of proteins was
done as described by Kobayashi et al. (2000), with IEF stan-
dards (Sigma, St. Louis, MO, USA) as isoelectric point
markers. The N-terminal sequence of the protein was deter-
mined using a pulsed liquid-phase protein sequencer
(model 476 A; Applied Biosystems, Foster City, CA, USA).

DNA isolation and sequencing

Preparation of genomic DNA from Bacillus sp. strain P-4-
N, restriction digestion, and ligation were done as described
by Kobayashi et al. (2000). Gene sequencing was done
using a DNA sequencing kit-dye terminator cycle sequenc-
ing ready reaction (Perkin-Elmer) and an automated DNA
sequencer (model 377; Perkin-Elmer). The pel-4B gene
was cloned and sequenced using a Takara LA PCR in vitro
Cloning kit (Takara, Otsu, Japan), according to the manu-
facturer’s instructions. The entire nucleotide (nt) sequence
was finally determined using the synthetic primers shown
below the sequence in Fig. 4 (see later in this article).

Nucleotide sequence submission
The nucleotide (nt) sequence data published here have

been deposited in the DDBJ, EMBL, and GenBank data
banks under accession number AB042100.

Results and discussion

Purification and some properties of Pel-4B

Pel-4B was purified 37-fold to an overall yield of 11.7%
with the specific activity toward PGA of 87 units (mg/pro-
tein) (Table 1). The purified enzyme was homogeneous as
judged by both PAGE and SDS-PAGE. The molecular
mass of Pel-4B was approximately 35 kDa by SDS-PAGE.
The isoelectric point was around pH 9.6 as estimated by
IEF PAGE.The N-terminal aa sequence of the purified Pel-
4B was Asn-Thr-Pro-Asn-Phe-Asn-Leu-Gln-Gly-Phe-Ala-

Purification step Total protein Total activity Specific activity Yield Fold
(mg) (units) (units/mg) (%)

Culture supernatant 1,230 2,930 2.38 100 1.0

Ammonium sulfate 237 1,960 8.27 67 3.5

DEAE Toyopearl 70.2 1,220 17.4 42 7.3

First Bio-Gel A 19.8 1,170 59.1 40 25

Second Bio-Gel A 3.95 343 86.8 12 37




Thr-Leu-Asn-Gly-Gly-Thr-Thr-Gly-Gly. The activity of
Pel-4B was abolished by incubation at 30°C for 5-10 min
with 1.0 mM ethylenediaminetetraacetic acid (EDTA) in
25 mM Tris-HCI buffer (pH 8.0). The activity of the EDTA-
treated enzyme was completely restored by addition of
Ca(l, at 0.4 mM. Fe**, Mn?*, Co?*, and Pd?* ions at 0.4 mM
each also restored the activity to 20%, 9.1%, 8.6%, and
4.1% of the original activity, respectively. Sr*, Mg+, Ni?,
Zn*, and Fe?* ions could not substitute for Ca2?* ions.
Unlike that of Pel-4A, the activity of Pel-4B was not
enhanced by NaClL

Substrate specificity

Pel-4B depolymerizes pectins. When the PGA degradation
rate at pH 10.5 was taken as 100%, the relative rates toward
citrus pectins with degrees of methylation of 31%, 63%,
and 93% (Sigma) were 42%, 33%, and 0%, respectively.
The viscosity of a PGA solution was decreased gradually by
adding Pel-4B and, after 1-h incubation at 30°C, it was
reduced as much as 33% of the initial viscosity, whereas the
extent of the cleavage was only 3.7% at that time (Fig. 1).
These results suggested that Pel-4B is an endo-Pel.

Effects of temperature and pH

The effect of temperature on the Pel-4B activity was exam-
ined at pH 10.5 in 50 mM glycine-NaOH buffer. The opti-
mal temperature for activity was as high as 70°C (Fig. 2A).
Pel-4B was incubated at various temperatures for 15 min in
50 mM glycine-NaOH buffer (pH 10) plus 2 mM CacCl,.
The enzyme was stable up to 55°C without CaCl, and to
60°C with CaCl, (Fig. 2B).

The optimal pH of Pel-4B was 11.5 in 50 mM glycine-
NaOH buffer (Fig. 3A). The observed optima for activity at
70°C and pH 11.5 are the highest among the Pels reported
to date. When the enzyme was kept at 40°C for 1 h, the
pH stability curve had two peaks around pH 10 and pH 8
(Fig. 3B). The pH instability between the two pH peaks
was restored by addition of 2 mM CaCl,. In the presence of
100 mM NacCl, the enzyme was stable during incubation at
the pH range from 6 to 11. As in the case of Pel-4A, the rea-
son for stabilization by NaCl of Pel-4B has not yet been
clarified.

Nucleotide and deduced amino acid sequences

The nt sequence of the pel-4B gene, extending from nt 1 to
nt 1,743, is shown in Fig. 4. Starting from an ATG initiation
codon at nt 455, there is a long open reading frame (ORF)
of 1,002 bp that ends in a TAA stop codon at nt 1,456. The
G+C content of the ORF was 42.6%. The putative ribo-
some-binding site, with the sequence 5-AAAG-
GAAGTGA-3', was found 5 bp upstream of this ORF. The
sequence of the ribosome-binding site had a free energy
value of —62.4 kJ/mol. There was a putative sequence of
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Fig. 1. Ratio of viscosity reduction and galacturonoside bond cleavage.
Pectate lyase (Pel-4B) (4.6 pg) was added to the reaction mixture in a
final volume of 10 ml. The viscosity in the solution was measured at
30°C at timed intervals. The initial viscosity measured by adding 1.0 ml
of 50 mM Tris-HCI buffer (pH 7.5), instead of enzyme, was taken as
100%. At timed intervals, samples (1.0 ml) were withdrawn, and 2.0 ml
of 50 mM HCIl was added, followed by measurement of absorbance at
235 nm. The percentage of galacturonoside cleavage was calculated
based on the total galacturonic acid in the substrate. Solid circles,
degree of viscosity reduction; open circles, extent of galacturonoside
bond cleavage

sigma A-type promoter of Bacillus subtilis, with 5'-
ATCACT-3' as the potential —35 region and 5'-TATAAT-3'
as the potential —-10 region, separated by 16bp. An
inverted-repeat (palindromic) sequence from nt 1,457 to
nt 1,497 was found immediately downstream of the termi-
nation codon. The free energy value of a stem-loop struc-
ture was calculated to be —98.1 kJ/mol.

The ORF encoded 333 aa including a putative signal
sequence of 29 aa, as shown under the nt sequence in Fig. 4.
The aa sequence deduced from the nt sequence of the pel-
4B gene contained a hydrophilic/hydrophobic sequence
from Metl to Ala29 that is similar to signal peptides of B.
subtilis (Simonen and Palva 1993). A deduced aa sequence
identical to the 20 N-terminal Asn—Gly of Pel-4B was found
at aa 30-49. Thus, the calculated molecular mass of the
mature enzyme (304 aa; Asn30-Pro333) would be
33,868 Da, a value very close to that of 35 kDa determined
for Pel-4B. Similar to Pel-7 from Bacillus sp. strain KSM-
P7 (Kobayashi et al. 1999a), Pel-103 from Bacillus sp. strain
KSM-P103 (Hatada et al. 1999), and PelL from E. chrysan-
themi EC16 (Alfano et al. 1995), Pel-4B is rich in Asn
(12.5%).
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Fig. 2A,B. Effects of tempera-

ture. A Pel activity was assayed at
various temperatures in 50 mM
glycine-NaOH buffer (pH 10.5)
plus 0.6 mM CacCl, with

0.13 pg Pel-4B. B Thermal stabil-
ity. Pel-4B (0.64 pg) was
incubated at the indicated
temperatures for 15 min in

50 mM glycine-NaOH buffer
(pH 10) in the absence (open
circles) or presence (solid circles)
of 2 mM CacCl,. Portions of the
solution were withdrawn, and the
residual activity was measured
under the standard conditions of
the assay. The original activity
without heating was taken as
100%
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Fig. 3A,B. Effects of pH. A Pel activity was assayed at 30°C and at the
indicated pH either in 50 mM Tris-HCI buffer (pH 7-9.5), 50 mM gly-
cine-NaOH buffer (pH 8-12), or in 50 mM KCI-NaOH buffer (pH 12—
12.8) with 0.26 pg Pel-4B. B Effect on stability. Pel-4B (1.6 pug) was
incubated for 1 h at 40°C and at the indicated pH in 20 mM each of
various buffers in the absence (open circles) or presence (solid trian-
gles) of 100 mM NaCl, 2 mM CaCl, (solid circles), or both additives

Amino acid homology and possible catalytic residues

When suitably aligned, the deduced aa sequence of mature
Pel-4B was found to exhibit some homology to those of
known Pels belonging to the polysaccharide lyase family 1.
Pel-4B showed the highest homology to Pel-103 and to Pel-
7 with 68.0% and 67.7% identity, respectively. The enzyme

12

(open triangles). Portions of the solution were withdrawn, and the
residual activity was measured under the standard conditions of the
assay. The original activity at pH 10.5 (without preincubation) was
taken as 100%. Buffers used: acetate, pH 4-6; (N-2-morpholino) pro-
pane sulfonic acid (MOPS), pH 6-8; Tris-HCl, pH 7-9; glycine-NaOH,
pH 8-11; KCI-NaOH, pH 12.4-13

had moderate homology to fungal Pels from Colletotrichum
gloeosporioides f. sp. malvae (37.1% identity; GenBank no.
AF156983) and Aspergillus nidulans (38.1% identity; Ho et
al. 1995). It also shared limited identity with other Pels,
such as PelA (23.6%), PelB (30.7%), PelC (30.3%), and
PelE (25.8%) from E. chrysanthemi EC16 (Keen and
Tamaki 1986; Tamaki et al. 1988), BsPel from B. subtilis



Fig. 4. Nucleotide sequence and
the deduced amino acid

ACGATTCCTATACGGAATGGTAGGCTTTTTTCCATTTAAGTGAGTTTAATTTTAAGAGAGTTTAATTGCATATTTTATAGTAGGGTGCAA

ACGALIICCIATACGLGAALLE.
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sequence of the entire pel-4B 91 TGGACCTACTTTACATGCGAAGCAATATATAGCCAGTCCTAGTCGTATCCCTCTTTAGACCAGTAGCCTACTCCGCGTTTTTTTATAAAC 180
gene and its flanking regions.
Numbers on either side of the 181 ATAATCACTTGCTTAGATATGACTTATAATGTAAGCGCTTCACTATAGCTATATAGATAAAATAGCTAAGAAAAAATAARAAACCGCAGT 270
sequences denote nt and aa 271 TTATATTCATAATATTTATAARATTCAAAATAGTGGGCTGATGATACTTATTTTCCCTCCTTTCTTATGGTAGGATTCACTCATGTGAAA 360
positions, respectively. The nt
sequence similar to 35 and 10 361 GGAAAGGAGGGGGCAGGTCTCAGATTGTTTTCGCTAGCGATCCATTTTGTGGTCATGGTAGGACARACTCTATATTGAAAAAGGAAGTGA 450
. RBS
consensus promoters of B. subti-
. . . 451 GAGTATGATGAGATCAAGCATCGTCAAGCTAGTTGCTTTCAGTGTTGTGGTTATGTTATGGCTCGGTGTATCCTTTCARACGGCAGAAGE 540
lis is underlined. The possible M M RS S I VEKTLVATFTSVYVVMLWILGV YSTFTGQTA ATER A 29
ribosome-binding site is indi-
cated by RBS. The pel-4B ORF 541 GAATACGCCAAATTTCAACTTACAAGGCTTTGCCACGTTAAATGGGGGAACAACTGGTGGTGCAGGTGGAGATGTAGTGACGETTCGTAC 630
N T P N F NL QGFATLNG GG GTTGGAGG
extends from Metl to Pro333. PV VT VRT S
The double-underlined aa . 631 AGGGAATGAATTCATARACGCTTTGAAGTCCAARAACCCTAATCGTCCGTTAACAATTTATGTARACGGTACGATARCACCTAGTAATAC 720
AGGGAATG] QGTTAACAATTTATGTARACGGTACGATAACACCTAG
sequence refers to the N-termi- G NEFINALTEKTSE KTNTPNRTPTILTTITYV VNG GTTITZPSNT 89
nal end of the extracellular,
mature enzyme produced by 721 GT(S:TG:TA(;TA;:GA;‘CGI;TA‘TI.‘TAQGGgTGVTTTCSCA:TGsAT:GA‘;‘TTTLAGgGGV’I’TGGGTACMATGGACGATTMATGGGAT’IGGTATTAA 810
' ] T NGRLNGTIGTI K 119
Bacillus sp. strain P-4-N.
Inverted repeats downstream of 811 AGTATGGCGAGCGAATAATATCATCATTCGCAACTTGACGATCCATGAAGTCCATACTGGTGATAAAGATGCAATTAGCATTGAAGETCC 900
the stop codon TAA (*) are indi- VWRANNTILITITIRIPNTELTTIEHTETVEHETGDTETDA ATISTITESG P 149
cated by convergent arrows.The
y erg 901 CTCTCGGAACATTTGGGTTGACCATAACGAGCTTTATGCCAGTTTGAACGTTCATAAAGACCACTATGACGGCTTGTTTGACGTARAGCG 990
nt sequences indicated by arrows S RN I WUVDHNETLTYA ASTLNVEHTETDTEHETYDGTILTFTDUVEKR 179
are the primers used for determi-
nation of the entire pel-4B gene 991  CGATGCTTACAATATTACCTTCTCTTGGAATTATGTCCATGATGGCTGGARAGCGATCCTCATGGGGAACTCTGATAGTGATAACTACGA 1080
DAY NTITTFSWNTYJVHDGTWE KA AMTELTIMSMGNSDSDNZY D 209
1081 CCGAAACATAACATTCCACCATAACTACTTCAAARATTTAAACTCTCGCGTACCTGCGTACCGTTTTGGAAAGGCGCACTTGTTTAGCAA 1170
R NI TFHHNTYTFTE KINTLINTSTP RTYVTPATYT RTFGTE KA ATETLTFS S N 239
1171 TTACTTTGAGAACATTTTAGAAACAGGCATTAATTCACGGATGGGAGCGGAAATGCTCGTTGAACATAACGTTTTTGAGAATGCCACCAA 1260
Y FENILETGTINSRMGAEMTELVYTETHNVTYVTFTETNA AT N 260
1261 CCCGTTAGGATTCTGGCATAGCAGTCGAACAGGTTATTGGAATGTTGCCAATAACCGCTATATCARTAGCACGGGTAGCATGCCGACCAC 1350
PLGFWHSSRTGYWNVANTSNT ERTYTIZNSTGSHMZPTT 299
1351 TTCCACGACCARTTATCGACCTCCTTATCCCTATACGGTCACACCAGTTGGTGATCTGAAATCGGTTGTCACACGTTATGCGGEAGTTGG 1440
s TTNY®RPPYPYTVTPVGEDVTI KSVVTRTYA ATEGTVG 329
1441 TGTCATCCAGCCGTAAGCAAGAAAGCCATCCGAGCGATTGCTCTGGTGGCTTTTTGCATAARAACATGGAACGGTTTTTACCAATCCTTT 1530
R -«
vV IiIge@Pp * 333
1531 AGTGAAATGACGAARACAACGTTAGARACGAGCAGACAAGTTCGCTATAATAGCTGTATGAATGGTATGAATGGAGAGTTAAGCGARTGA 1620
1621 GCGAATCCTACTACGGTTTGTTAGACGAAGAGAAGGTGTTCAAAGATCCTGTGCATCGGTATATTCACGTTCGGGATGAATTGATCTGGE 1710
1711 CATTGATCGGCACGAAGGAATTTCAACGGCTTT 1743

SO113 (25.0%; Nasser et al. 1993), and a Pel from
Pseudomonas marginalis (25.1%; Nikaidou et al. 1993).
The homology of Pel-4B with Pel-4A was only 35.6%
identity.

The deduced aa sequence of mature Pel-4B was suitably
aligned with those of Pel-4A and PelC from E. chrysan-
themi EC16 (Tamaki et al. 1988; Henrissat et al. 1995)
(Fig. 5). Lys190, Arg218, and Arg223 are suggested to form
catalytic residues in the Erwinia PelC after site-directed
mutagenesis (Kita et al. 1996). Scavetta et al. (1999) identi-
fied Lys190 and Arg218 for catalysis and Asp at aa 129, 131,
160, and 162, Glul66, and Asp170 for substrate or calcium
binding in PelC by the crystallographic analysis of an
enzyme-plant cell wall complex. Therefore, Asp at aa 140,
142,169, 172, and 176, Lys196, and Arg225 appear to play
indispensable roles in the trans-eliminative cleavage by Pel-
4B, despite the limited overall sequence identity and differ-
ence in aa usage with Pel-4A and PelC. However, the cata-

lytic properties of Pel-4B are significantly different from
those of Pel-4A and PelC. Pel-4B is very unusual in that it
has very high pH and temperature optima for activity.
Alkaliphiles and their alkaline exoenzymes might have
evolved specific mechanisms that allow them to survive and
retain stability in highly alkaline environments (Ito et al.
1998; Horikoshi 1999). We have cloned and sequenced vari-
ous genes for high-alkalinity Pels from alkaliphilic Bacillus
strains, such as a thermophilic enzyme (Pel-4B; this study),
a salt-dependent enzyme (Pel-4A; Kobayashi et al. 2000),
and a Pel having protopectinase activity (Pel-7; Kobayashi
et al. 1999a), all belonging to the polysaccharide lyase fam-
ily 1, a low molecular weight enzyme (Pel-15; Hatada et al.
2000) belonging to family 3, a high molecular weight
enzyme (Pel-15H; Ogawa et al. 2000) belonging to family 9,
and a Pel (Pel-15E; Sawada et al. 2000) belonging to the
minor family 10. We are now constructing a phylogenetic
tree of the highly alkaline Pels and less-alkaline enzymes.
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Fig. 5. A multiple alignment of
the deduced amino acid

B a —8 __
ATDTGGYAATAG~GNV-TGAVSKTATS-MQDIVNIIDAARLDANGKKVKGGAYPLVITYTGNE

pelC 1 60
sequences of Pel-4B with those Pel-4A 28 --NSYSFKSTTGWASINADGVNGTTGGSGGTEVTVTNAAD-LERYATAN--GK-YIIKVSGSI 84
of PelC and Pel-4A.The aa Pel-4B 30 --NTPNF-NLQGFATL--NG--GTTGGAGGDVVTVRTGNEFINALKSKN-PNRPLTIYVNGTI 84
sequence alignment was done * * * * %
with the GENETYX program 8 8 13 2 T " ;
(SDC Software Development, PelCc 61 DSLINAAAANICGOWSKDPRGVEIKEFTKGITIIGANGSSANFGIWIKKSSDVVVONMRIG-- 121
TOkYO’_JaPaI_l)- The putative Pel-4A 85 --NLSPKGKYIDV-mw—wm SSNKTIVG-LNASSEI-ING-GLK---—TR-GSNVIVENLTIRGT 132
catalytic residues (solid circles) Pel-4B 85 TPSNTSDSK-IDI--~KDVSNVSILG-VGTINGR--LNGIGIK--VW--RANNIIIRNLTIH-E 135
and calcium- or substrate- * * * % * %
binding site (solid stars) pro-
osed for Pe(lC from Er)mf)inia 12 rk _p g B Takk_d ks 11 £
p . PelC 122 YLPGGAK---—DGDMIRVD--DSPNVWVDHNELFAANHECDGTPDNDTTFESAVDIKGASNTYV 178
Ci” ymmhemlfcm (gcave;lta et Pel-4A 133 YVEGDWDGKTNDYDGIQITGKDAHHIWIDH--==VIMRK=mmmmmmmm HGDGLIDIVNGANYV 182
al. 1999) are shown above the Pel-4B 136 —~VHTG-—=mmm DKDAISIEG-PSRNIWVDHNELYASL - NVHKD-HYDGLFDVKRDAYNI 184
sequence. The structural motifs . * * %% .
of PelC, defined by Henrissat et
al. (1995) and Heffron et al. £ _£ 13 @M1 11 £ £ _13@ B8 T 8 B I3
(1998) derlined pelC 179 TVSYNYIH-GVKRVGLDGSSSSDT---GRNITYHHNYYNDVNARLPLORGGLVHAYNNLYTNI 237
»ate undertine Pel-4A 183 TIS-NSRFEQHNKSITISGNDNDTNTDKYKVTIQDCWFRGTTORNPRVRFGMVHLYNNYYSD- 243
Pel-4B 185 TFSWNYVH-DGWKAMLMGNSDSDNY-DR-NITFHHNYFKNLNSRVPAYRFGKAHLFSNYFENI 244
* Kk % * * LR * ok * *
13 B8 T1 _B B _13 B
PelC 238 TGSGLNVRQNGQALIENNWFEKAINPVTSRY-DGKN-FGTWVLKGNNITKPADFSTYSITWTA 298
Pel-4A 244 MGK-YG-RDMG-YSSSLGY-AIGVGVSAKIYSE-NNYFEN-LRHPTSFIDTTSKPGY-IRDSG 299
Pel-4B 245 ——————o LETG-INSRMG--AEM-—————- LVE-HNVFEN-ATNPLGFWH-SSRTGY--WNVA 285
% % *
w-loop C-terminal branch
PelC 299 DTKPYVNA-DS-WT--S-TGTFPTVAYNYSPVSAQCVKDKLPGYAGVGKNLATLTSTACK 353
Pel-4A 300 SY--FVNS-GSMTTRASGVTWKPSDYYSYTLRNASQVRSHVINNAGAGK 345
Pel-4B 286 NNR-YINSTGSMPT-TSTTNYRPP-~YPYTVTPVGDVKSVVTRYAGVGVIQP 333

* J*

Acknowledgments We are grateful to K. Horikoshi, Japan Marine
Science and Technology Center, Japan, for his advice and continuous
support.

References

Alfano JR, Ham J-H, Collmer A (1995) Use of TnStac 1 to clone a pel
gene encoding a highly alkaline, asparagine-rich pectate lyase
isozyme from an Erwinia chrysanthemi EC16 mutant with deletion
affecting the major pectate lyase isozymes. J Bacteriol 177:4553—
4556

Alkorta I, Garbisu C, Llama MJ, Serra JL (1998) Industrial applica-
tions of pectic enzymes: a review. Process Biochem 33:21-28

Brithimann F, Keen NT (1997) Cloning, sequence and expression of
the pel gene from an Amycolata sp. Gene (Amst) 202:45-51

Collmer A, Keen NT (1986) The role of pectic enzymes in plant patho-
genesis. Annu Rev Phytopathol 24:383-409

Hasegawa S, Nagel CW (1966) A new pectic acid trans-eliminase pro-
duced exocellularly by a Bacillus.J Food Sci 31:838-845

Hatada Y, Higaki N, Saito K, Ogawa A, Sawada K, Ozawa T, Haka-
mada Y, Kobayashi T, Ito S (1999) Cloning and sequencing of a high-
alkaline pectate lyase gene from an alkaliphilic Bacillus isolate. Bio-
sci Biotechnol Biochem 63:998-1005

Hatada Y, Saito K, Koike K, Yoshimatsu T, Ozawa T, Kobayashi T, Ito
S (2000) Deduced amino-acid sequence and possible catalytic resi-
dues of a novel pectate lyase from an alkaliphilic strain of Bacillus.
Eur J Biochem 267:2268-2275

Heffron S, Moe GR, Sieber V, Mengaud J, Cossart P, Vitali J, Jurnak F
(1998) Sequence profile of the parallel B helix in the pectate lyase
superfamily. J Struct Biol 122:223-235

Henrissat B, Heffron SE, Yoder MD, Lietzke SE, Jurnak F (1995)
Functional implications of structure-based sequence alignment of

* * * % * kK

proteins in the extracellular pectate lyase superfamily. Plant Physiol
107:963-976

Ho M-C, Whitehead MP, Cleveland TE, Dean RA (1995) Sequence
analysis of the Aspergillus nidulans pectate lyase pelA gene and evi-
dence for binding of promoter regions to CREA, a regulator of car-
bon catabolite repression. Curr Genet 27:142-149

Horikoshi K (1972) Production of alkaline enzymes by alkalophilic
microorganisms. Part III. Alkaline pectinase of Bacillus no. P-4-N.
Agric Biol Chem 36:285-293

Horikoshi K (1999) Alkaliphiles: some applications of their products
for biotechnology. Microbiol Mol Biol Rev 63:735-750

Ito S, Kobayashi T, Ara K, Ozaki K, Kawai S, Hatada Y (1998) Alkaline
detergent enzymes from alkaliphiles: enzymatic properties, genetics,
and structures. Extremophiles 2:185-190

Keen NT, Tamaki S (1986) Structure of two pectate lyase genes from
Erwinia chrysanthemi EC16 and their high-level expression in
Escherichia coli.J Bacteriol 168:595-606

Kita N, Boyd CM, Garrett MR, Jurnak F, Keen NT (1996) Differential
effect of site-directed mutations in pel/C on pectate lyase activity,
plant tissue maceration, and elicitor activity. J Biol Chem 271:26529-
26535

Kobayashi T, Hatada Y, Higaki N, Lusterio DD, Ozawa T, Koike K,
Kawai S, Ito S (1999a) Enzymatic properties and deduced amino
acid sequence of a high-alkaline pectate lyase from an alkaliphilic
Bacillus isolate. Biochim Biophys Acta 1427:145-154

Kobayashi T, Koike K, Yoshimatsu T, Higaki N, Suzumatsu A, Ozawa
T, Hatada Y, Ito S (1999b) Purification and properties of a low-
molecular-weight, high-alkaline pectate lyase from an alkaliphilic
strain of Bacillus. Biosci Biotechnol Biochem 63:65-72

Kobayashi T, Hatada Y, Suzumatsu A, Saeki K, Hakamada Y, Ito S
(2000) Highly alkaline pectate lyase Pel-4A from alkaliphilic Bacil-
lus sp. strain P-4-N: its catalytic properties and deduced amino acid
sequence. Extremophiles 4:377-383

Laemmli UK (1970) Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature (Lond) 227:680-685



Lietzke SE, Yoder MD, Keen NT, Jurnak F (1994) The three-dimen-
sional structure of pectate lyase E, a plant virulence factor from
Erwinia chrysanthemi. Plant Physiol 106:849-862

Nasser W, Awadé AC, Reverchon S, Robert-Baudouy J (1993) Pectate
lyase from Bacillus subtilis: molecular characterization of the gene,
and properties of the cloned enzyme. FEBS Lett 335:319-326

Nikaidou N, Kamio Y, Izaki K (1993) Molecular cloning and nucle-
otide sequence of the pectate lyase gene from Pseudomonas margin-
alis N6301. Biosci Biotechnol Biochem 57:957-960

Ogawa A, Sawada K, Saito K, Hakamada Y, Sumitomo N, Hatada Y,
Kobayashi T, Ito S (2000) A new high-alkaline and high-molecular-
weight pectate lyase from a Bacillus isolate: enzymatic properties
and cloning of the gene for the enzyme. Biosci Biotechnol Biochem
64:1133-1141

Pickersgill R, Jenkins J, Harris G, Nasser W, Robert-Baudouy J (1994)
The structure of Bacillus subtilis pectate lyase in complex with cal-
cium, Nat Struct Biol 1:717-723

Rombouts FM, Pilnik W (1980) Pectic enzymes. In: Rose AH (ed)
Economic microbiology, vol 5. Academic Press, London, pp 227-282

Sakai T, Sakamoto T, Hallaert J, Vandamme EJ (1993) Pectin, pecti-
nase, and protopectinase: production, properties, and applications.
Adv Appl Microbiol 39:213-294

133

Sawada K, Ogawa A, Ozawa T, Sumitomo N, Hatada Y, Kobayashi T,
Ito S (2000) Nucleotide and amino-acid sequences of a new-type
pectate lyase from an alkaliphilic strain of Bacillus. Eur J Biochem
267:1510-1515

Scavetta RD, Herron SR, Hotchkiss AT, Kita N, Keen NT, Benen JAE,
Kester HCM, Visser J, Jurnak F (1999) Structure of a plant cell
wall fragment complexed to pectate lyase C. Plant Cell 11:1081-
1092

Shevchik VE, Robert-Baudouy J, Hugouvieux-Cotte-Pattat N (1997)
Pectate lyase Pell of Erwinia chrysanthemi 3937 belongs to a new
family. J Bacteriol 179:7321-7330

Simonen M, Palva I (1993) Protein secretion in Bacillus species. Micro-
biol Rev 57:109-137

Taber HW, Sherman F (1964) Spectrophotometric analyzers for disk
electrophoresis: studies of yeast cytochrome c. Ann NY Acad Sci
121:600-615

Tamaki SJ, Gold S, Robeson M, Manulis S, Keen NT (1988) Structure
and organization of the pel genes from Erwinia chrysanthemi EC16.
J Bacteriol 170:3468-3478

Yoder MD, Keen NT, Jurnak F (1993) New domain motif: the structure
of pectate lyase C, a secreted plant virulence factor. Science
260:1503-1507



