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Use of TnS5tacl To Clone a pel Gene Encoding a Highly Alkaline,
Asparagine-Rich Pectate Lyase Isozyme from an Erwinia
chrysanthemi EC16 Mutant with Deletions Affecting
the Major Pectate Lyase Isozymes
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Erwinia chrysanthemi mutant CUCPB5047, A (pelA pelE) A(pelB pelC)::28bp A(pelX) Adbp pehX::Q2Cm", was
constructed, mutated with Tn5tacl, and screened for isopropyl-f-p-thiogalactopyranoside-dependent pectate
lyase (Pel) production. A Km" Sacl fragment from the hyperexpressing Pel* mutant CUCPB5066 was cloned
into Escherichia coli and sequenced. The gene identified, pelL, encodes a novel, asparagine-rich, highly alkaline
enzyme that is similar in primary structure to PelX and in enzymological properties to PelE.

The enterobacterium Erwinia chrysanthemi causes diseases
involving maceration and killing of parenchymatous tissues in
many plants. The bacterium also produces and secretes a va-
riety of plant cell wall-degrading enzymes, including cellulases,
xylanases, and a remarkably diverse array of pectic enzymes
(2). These include exo-poly-a-D-galacturonosidase (PehX);
exopolygalacturonate lyase (PelX); and most importantly for
tissue maceration, four or five (depending on the strain)
isozymes of pectate lyase (PelABCDE), an enzyme that cleaves
internal a-1,4 galacturonosyl linkages in plant cell walls and
middle lamellae by B elimination (2, 6).

E. chrysanthemi EC16 produces four Pel isozymes when
grown in media containing pectate (a spontaneous deletion
affects pelD) (25). They range in pl from 4.6 (PelA) to 9.8
(PelE). PelE is the most effective in killing and macerating
plant tissues, and the maceration capacity of an EC16 pelE
mutant is reduced by 50% (1, 11, 18). However, a mutant with
directed deletions affecting pelABCE retains a residual capac-
ity to macerate plant tissues (20). A strain 3937 pel[ABCDE
mutant also retains residual maceration activity, and the dif-
ferential effects on virulence in different hosts of various pel
mutations in this strain suggest that Pel isozyme multiplicity is
a factor in the wide host range of E. chrysanthemi (3).

Direct evidence that E. chrysanthemi EC16 produces a sec-
ond set of plant-inducible Pel isozymes was found by culturing
CUCPB5012, a A(pelA pelE) A(pelB pelC)::28bp A(pelX) Adbp
pehX::TnphoA mutant, in media containing chrysanthemum
soluble extracts or cell walls (12). Extracellular fluids from
these plant-induced cultures possessed macerating activity and
several novel Pel isozymes, as determined by activity-stained
isoelectric focusing gel analysis.

Isolation of a Tn5tacl-induced derivative of E. chrysanthemi
CUCPB5047 (ApelABCE) that hyperexpresses PelL. Libraries
of CUCPB5012 DNA in pBluescript II, pTTQ18 (22), and a
derivative of pOU®61 (13) were constructed in Escherichia coli
DH5a (21) but never yielded colonies with a stable pectolytic
phenotype in pectate semisolid agar medium (23), which sug-
gested that the residual pel genes are toxic when expressed in
heterologous bacteria. TnStacl offered the possibility of iden-
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tifying such genes by positive function in their native back-
ground. Tn5tacl carries lacl? and an outreading P,,. promoter
that permits isopropyl-B-p-thiogalactopyranoside (IPTG)-de-
pendent expression of downstream genes (5, 7). To use
TnStacl in E. chrysanthemi, an appropriate delivery plasmid
and recipient strain had to be constructed, because standard E.
coli plasmid vectors replicate in E. chrysanthemi and, like
Tn5tacl, CUCPB5012 is kanamycin resistant.

A Tn5tacl delivery vector was constructed by transposition
of TnStacl from \::Tn5tacl into E. coli SY327 N\ pir carrying
pGP704 (16), which contains mobgp, and orige. Km" plas-
mids were transformed into S17-1 \ pir and screened for their
ability to deliver Tn5tacl. The resulting suicide plasmid,
pCPP2997, replicates only in E. coli strains that carry pirgex
and can be conjugated into E. chrysanthemi by S17-1 \ pir. A
Km?® equivalent of E. chrysanthemi CUCPB5012 was con-
structed by marker exchange of pehX::(0Cm" into CUCPB5010,
the A(pelA pelE) A(pelB pelC)::28bp A(pelX) Adbp strain from
which CUCPB5012 had been derived (12). The resulting
strain, CUCPB5047, was mutagenized by mating with E. coli
S17-1 N\ pir(pCPP2997), followed by selection for transconju-
gants with Tn5tacl (Km*) and CUCPB5047 (Cm") antibiotic
markers. The frequency of Km" Cm" E. chrysanthemi mutants
was 1 X 1072 per donor. One in 5,000 Km" mutants produced
blue-pigmented colonies on IPTG-containing media, indicative
of the expression of normally cryptic genes for indigoidine
production (24). The bacterial strains and plasmids used in this
study are described in Table 1.

Km" E. chrysanthemi colonies were transferred with tooth-
picks to pectate semisolid agar medium containing IPTG. Ap-
proximately 1 in 1,000 was able to cause pitting. Activity-
stained isoelectric focusing gels revealed that all of the 10
colonies with a pectolytic phenotype produced the same band
of activity with a highly alkaline plI, which was visualized in
substrate overlays buffered to detect Pel activity (19) (Fig. 1).
One of these mutants was designated CUCPB5066 and further
characterized. E. chrysanthemi CUCPB5066 produced substan-
tial pitting in pectate semisolid agar medium supplemented
with IPTG and lacking plant extracts (Fig. 1). In the absence of
IPTG, the pitting and blue-pigmented colony phenotypes were
reduced but not abolished, indicating that Tn5tacl-directed
expression is not tightly regulated in E. chrysanthemi (data not
shown). A preliminary report by Lojkowska et al. (15a) de-
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TABLE 1. Bacterial strains and plasmids used in this study

Designation Relevant characteristic Reference or source
E. coli
SY327 X\ pir A(lac pro) argE(Am) rif nalA recA56 \ pirgex 16
S17-1 \ pir RP4-2-Tc::Mu Kan::Tn7 \ pirgeg pro hsdR recA K. N. Timmis
NM522 A(lac-proAB) A(mcrB-hsdSM)5 (v~ my ) (F' proAB laclZAM15) Stratagene (La Jolla,
Calif.)
E. chrysanthemi
CUCPB5012 A(pelA pelE) A(pelB pelC)::28bp A(pelX)A4bp pehX::TnphoA 12
CUCPB5010 A(pelA pelE) A(pelB pelC)::28bp A(pelX)Adbp 4
CUCPB5047 A(pelA pelE) A(pelB pelC)::28bp A(pelX)A4bp pehX::QCm" This work
CUCPB5066 TnStacl mutant of CUCPB5047; IPTG-inducible Pel™ This work
Plasmids and phage
pUCI18 Ap" 28
pBluescript II Ap* Stratagene
pTTQ18 Multicopy expression vector; lacl4 22
pOU61 Amplifiable low-copy-number expression vector 13
pGP704 Origgg MObgp, Ap” 16
pCPP2997 pGP704::Tn5tacl This work
pWSK29 Low copy number; Ap” 27
pCPP2291 22-kb Sacl fragment from E. chrysanthemi CUCPB5066 in pWSK29; Km" Pel™; pelL This work
expressed from P,,., yielding moderate level of Pel activity
pCPP2292 16-kb Clal-Sacl fragment from pCPP2291 in pWSK29; pelL expressed from P,,., yielding This work
moderate level of Pel activity
pCPP2293 2.6-kb BamHI fragment from pCPP2292 in pUCI18; contains pelL and part of celZ; pelL This work
in opposite orientation to vector P,,.; low levels of Pel produced
pCPP2294 1.1-kb EcoRV-BamHI fragment from pCPP2293 in pBluescript II SK(+); contains 3’ This work
portions of pellL. and celZ
pCPP2295 1.0-kb Sall-BamHI fragment from pCPP2293 in pBluescript II SK(+); contains 'pelL This work
and 'celZ
pCPP2296 1.5-kb BamHI-EcoRYV fragment from pCPP2293 in pBluescript II KS(—); contains pelL’ This work
pPEL748 pINIII''® A-2 derivative hyperexpressing pelE 1
A::TnStacl Tn5 with outward-facing P,,. 5
scribed the cloning of pell from E. chrysanthemi 3937. Because
the product of the 3937 gene, which apparently is not toxic to A
E. coli, shares salient properties with the isozyme produced by
CUCPBS5066, the latter protein was also designated PelL. CUCPB5066 CUCPB5047

Molecular cloning of a fragment of the E. chrysanthemi
CUCPB5066 genome carrying Tn5tacl and pell. To identify
the gene downstream of P, that was responsible for Pell.
production in CUCPB5066, we ligated Sacl fragments of CUC
PB5066 DNA into pWSK29 (27) and selected E. coli NM522
transformants on M9 minimal medium supplemented with
1.0% (wt/vol) Casamino Acids, 0.2% (wt/vol) glucose, kana-
mycin (50 pg/ml), and ampicillin (100 pg/ml). SacI does not
cut within Tn5tacl. The low-copy-number vector and minimal
medium were chosen to minimize any pelL expression. South-
ern blots of Sacl-digested DNA probed with TnStacl con-
firmed that the clones carried the same fragment that was
mutated in CUCPB5066. One transformant, carrying a plasmid
designated pCPP2291, was further analyzed by growth on M9-
Casamino Acids-glucose agar; suspension at an optical density
at 600 nm of 0.5 in broth containing M9-Casamino Acids, 0.2%
(wt/vol) glycerol, and 1 mM IPTG; by further incubation for 4
h; and then by an 4,5, assay of culture supernatant and soni-
cated cell extracts. The latter fraction of E. coli NM522
(pCPP2291) caused an increase in the 4,5, of reaction mix-
tures containing polygalacturonic acid, demonstrating that it
possessed Pel activity (19). Activity-stained isoelectric focusing
gels indicated that IPTG-induced CUCPB5066 and E. coli
NM522(pCPP2291) both produced Pell, which aligned with
the most alkaline of the Pel isozymes produced by CUCPB
5047 (data not shown). NM522(pCPP2291) cultures grown

4i6 7i0 7i5 9i6
CUCPBS066 | '
CUCPB5047 !

FIG. 1. Pitting of IPTG-amended pectate semisolid agar and production of a
highly alkaline Pel isozyme by E. chrysanthemi Tn5tacl mutant CUCPB5066. (A)
Standard pectate semisolid agar medium was amended with 1 mM IPTG but no
plant extracts (23). The PeJABCEX ™~ PehX™ E. chrysanthemi mutant, CUCPB
5047, did not produce detectable pectolytic activity on this medium, whereas its
TnStacl-mutagenized derivative, CUCPB5066, did. (B) Culture supernatants
from CUCPB5047 and CUCPB5066 grown in King’s Medium B amended with 1
mM IPTG were analyzed on an activity-stained isoelectric focusing gel for the
production of Pel isozymes (19). The locations of pI markers (Bio-Rad, Rich-
mond, Calif.) in an adjacent lane are indicated.
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FIG. 2. Restriction map of subclones carrying pelL. pCPP2992 carries a Clal-
Sacl fragment of the Sacl insert in pCPP2291 that was initially cloned from E.
chrysanthemi CUCPB5066. Restriction sites shown in pCPP2993 are those that
were used to generate sequencing templates (pCPP2294, pCPP2295, and
pCPP2296). Restriction enzymes: C, Clal; B, BamHI; R, EcoRV; S, Sall; Sc,
Sacl.

from low densities under conditions in which P,,. was not
completely repressed (with glycerol rather than glucose, with
yeast extract, or when induced by IPTG) lost Pel activity, sug-
gesting that expression of pellL was toxic.

Sequence analysis of pelL. The Pel activity of subclones
derived from various BamHI, EcoRV, and Sall restriction di-
gestions suggested that pelL was just downstream of P,,. (Fig.
2). DNA sequencing (both strands) was performed with an
Automated DNA Sequencer, model 373A (Applied Biosys-
tems, Foster City, Calif.), in the Cornell Biotechnology Center,
using a combination of M13 primers and custom primers com-
plementary to P,,. and to newly obtained pelL. sequences. Dou-
ble-stranded DNA sequencing templates were prepared with
Plasmid Mini Kits (Qiagen, Chatsworth, Calif.), and sequences
were assembled with the SeqMan program of DNAStar (Mad-
ison, Wis.).

The pelL open reading frame encoded a predicted protein of
425 amino acids with an N-terminal signal peptide of 25 amino
acids (Fig. 3). The signal peptide possessed the typical features
of a positively charged amino acid near the N terminus, a
hydrophobic core, and a cleavage site between adjacent ala-
nine residues in the sequence VLAAD (26). The predicted
mature protein has a molecular weight of 42,849 and an un-
usually high asparagine content of 11.8%. A putative ribo-
some-binding site, consisting of GAGG, was located 7 bp up-
stream of the translation initiation codon. A putative sigma 70
promoter was identified just downstream of a potential catab-
olite activator protein-binding site, but no KdgR-binding site
could be discerned upstream of the pelL open reading frame
(17). The low level of Pell production by E. coli DH5«a
(pCPP2293) suggests that this region can direct pelL transcrip-
tion (data not shown). A rho-independent terminator was
found downstream of pelL. Sequencing of the DNA beyond
the pelL terminator revealed a convergently oriented open
reading frame that was virtually identical to celZ of E. chry-
santhemi 3937 (9) (Fig. 2).

BLAST searches of the GenBank, EMBL, and SwissProt
databases revealed the E. chrysanthemi EC16 PelX as the only
protein with significant similarity (4). Similarities between
PelL, PelX, PelE (11), and Pel-3 (an isozyme from Erwinia
carotovora ECT1 that is unlike any known Pel proteins [15])
were further investigated with the Genetics Computer Group
Bestfit program (8). PelL was 29% identical and 49% similar to
the C-terminal 500 amino acids of the 697-amino-acid mature
PelX protein but showed no significant similarity to any of the
other proteins. Previous alignment analyses of the extracellular
Pel proteins of E. chrysanthemi and E. carotovora (which did
not include PelX) had revealed several consensus sequences
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1  ATTTAAAACAGCGCTCTGTTCAAGGACTGTCGAAGGAGTGCGACTTTCTTCCAATGTAATT 60
61 TTACCTCGACACCTTGGTTGATTAAATCTGCCAGATTGACTCACGCTCATCATCAATGTT 120
121 GCTATTGCTGTGAGGTCGGTTGAGTCGCCGCTTATTTTTCTGGCGACATTTCCCGGCGTG 180
181 CGCATCTTGGGGCCGATGGATAEATAEATT.W@!}AATATCAT%TAAGAGQTGQAA%A 240

241 TTTAAATTGTTTTATCAGTACCGGGTTGGCAGCGTTTTTCTTAGTCAATAGTAGATCTGT 300
L N C FP I S T G L A A F F L VNS T § V

301 TCTGGCTGCGGATTGCAGTTCGGATCTTACCAGCGGCATCAGCACTAAACGTATTTATTA 360
L A ADGCSSDULTSGI STI KRTITZVYY
361 CGTTGCGCCGAATGGCAGCAGCAGCAATAATGGGAATAGTTTTAATTCTCCAATGAGTTT 420
V A PNGS S $ NNGNJSTFNSPMSF
421 CACTGCGGCTATGGCAGCAGCTAACCCTGGAGAACTGATTCTGCTTAAGCCAGGAACATA 480
T A AMAAANUPGETLTITLTLZI KZ®PGCTY
481 TACTATTCCTTATACGCAGGGTAAAGGGAATACCATAACCTTTAATAAATGCGGGGAAAGA 540
T I PYTQ G K GGNTTITTFNI KIS SGZ KE
541 GGGCTCGCCGATTTATGTGGCGGCAGCGAATTGCGGTCGTGCAGTATTTGATTTTTCATT 600
G $ P I YV AAANTZCGRA AV FDTFSTF
601 CCCGGACAGTCAATGGGTTCAGGCGTCATACGGTTTCTATGTGACGGGGGATTATTGGTA 660
P DS QWUVQASYGFYVTGDYWY
661 TTTTAAAGGCATTGAAGTCACTCGTGCCGGCTATCAGGGAGCCTATGTGACGGGTAGCCA 720
F K G¢GI EVTURAGYQG AY VTG S H
721 TAATACCTTTGAGAATACGGCGTTTCACCATAACCGAAACACTGGTCTTGAAATCAATAA 780
N T F ENTAFHUHNIRNTGULETITNN
781 CGGTGGTTCATATAACACGGTAATTAACTCCGATGCTTATCGTAATTATGATCCTAAAAA 840
¢ 6§ YNTUVINSDAYRIUNTYDTPIKK
841 GAATGGCAGTATGGCTGATGGCTTCGGGCCGAAACAAAAACAAGGCCCAGGTAACCGCTT 900
N G $S MADGFG?PKQKQG?PGVNRF
901 TGGCGGATGCCGGGCATGGGAAAACTCTCATGACGGTTTTGACTTATTTGACAGTCCACA 960
G G CRAWENSDTDSGT FDTULTFDS P Q
961 GAAAGTCGTAATTGAGAATAGTTGGGCTTTTCGCAATGGTATCAACTATTGGAGTGATAG 1020
K vV v IiIEUNZSUWATFRNG GTINYU WS DS
1021 TTCGTTCGCAGGTAACGGAAATGGGTTTAAATTAGGGGGGAATCAAGCAGTTGGTAACCA 1080
S FAGNGNGT FI KLGGNOQAVYVGGNH
1081 CAGAATTACACGGTCCGTTGCATTTGGCAATGTGAGTAAGGGCTTTGATCAGAATAATAA 1140
R I TR SV AFGNUV S KGFDOQNNTVN
1141 TGCCGGTGGTGTGACAGTAATAAATAACACGTCATACAAGAATGGTATTAACTATGGCTT 1200
A G GV TV INNTSYI KU NG GTINTYGTF
1201 CGGCAGTAATGTGAAATCAGGTCAGAAGCACTACTTCCGTAATAACGTTTCICTGTCCGG 1260
G § N VK S GQKHY FRNNVSLS G
1261 CTCGGCGACTGTTAATAATGCAGATGCGAAGTCTAACTCATGGGACACCGGCCCTGTGGC 1320
S ATV NWNADAIKSUNSWDTGU?P V A
1321 TTCCGCATCTGATTTTGTCAGCCTGGATACCTCACTGGGTAGGATATCACGTGATAATGA 1380
S AS$SDVFVSLDTSULATTISURDNTD
1381 CGGGACATTGCCTGAAACTGCGCTGTTTCGCTTGTCGACTAATTCAAAGTTGATTAATGC 1440
G TL?PETATLUTFRILSTNSI KTILTINA

1441 CGGTACGAAGGAGAGCAATATCAGTTATTCAGGTAGTGCGCCGGATTTAGGTGCGTTTGA 1500
G T KE S NI S Y S G S A PDILGATE

1501 GgGTﬁATgAAGTCATCAGATATTATGCATCAGGGCTGCAATATGCAGCCCTGTTTTATGT 1560

FIG. 3. Nucleotide sequence of pelL. and deduced amino acid sequence of its
product. The sequence begins with the Tn5tacl junction. A putative catabolite
activator protein-binding site is marked with dashed overlines and is located just
upstream of the presumed promoter. The shading denotes a sequence that is
present (12 of 14 nucleotides) upstream of E. chrysanthemi EC16 pelX (4). The
putative ribosome-binding site and PelL signal peptide are indicated with double
and single underlines, respectively. The arrows are above the rho-independent
transcription terminator. The stop codon is indicated by the asterisk.

(10, 25). To determine whether any of these sequences were
present in Pell, we identified their location in the PelE se-
quence and then examined the corresponding Pell. sequence,
as aligned by Bestfit, for similarity. None of these sequences
appeared to be conserved in PelL. It thus appears that PelL is
not a member of the superfamily of Pel proteins that are
prominent in pectate-grown cultures of E. chrysanthemi and E.
carotovora.

Comparison of the properties of PelL. and PelE. PelE was
chosen for comparison with PellL because, of the pectate-in-
ducible Pel isozymes, PelE has the highest pl, it is the most
important in maceration, its enzymological properties and ter-
tiary structure have been characterized, and preliminary visco-
metric assays indicated that PelL, like PelE but unlike PelX,
was an endo-cleaving enzyme (11, 14, 18). The isozymes were
obtained in 20 mM Tris-HCI, pH 8.0, from sonicated extracts
of E. coli cells carrying pPEL748 (pelE™) or pCPP2292 (pelL™)
and, thus, were devoid of any contaminating pectolytic activi-
ties. The pH optimum of both isozymes was 8.5 to 9.0, and as
shown in Table 2, both isozymes had the same relative activity
on different pectic substrates and were affected similarly by the
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TABLE 2. Relative activities of PelLL and PelE on
different pectic substrates®

Substrate® PelL PelE
Polygalacturonate 0.55 0.59
Polygalacturonate + 1.5 mM CacCl, 1.26 0.84
Polygalacturonate + 10 mM EDTA 0.02 0.00
Pectin (31% methoxylated) + 1.5 mM CaCl, 1.60 1.66
Pectin (68% methoxylated) + 1.5 mM CaCl, 0.54 0.66
Pectin (93% methoxylated) + 1.5 mM CaCl, 0.05 0.04
Pectin (31% methoxylated) + 10 mM EDTA 0.00 0.00

“ Activity is defined as micromoles of unsaturated product released per minute
per milliliter of enzyme sample, as determined by increasing 4,3, values of
reaction mixtures containing 0.1% (wt/vol) substrate, 100 mM Tris-HCI (pH 8.5),
the indicated amendments, and =5% (vol/vol) enzyme sample.

b Pectic substrates were all obtained from Sigma.

addition of CaCl, or EDTA. Both isozymes had an absolute
requirement for calcium and were inactive on highly methoxy-
lated pectin. This is characteristic of pectate lyases, but inter-
estingly, both isozymes were more active on 31% methoxylated
pectin than on polygalacturonate. Viscometric assays revealed
that the two isozymes reduced the viscosity of polygalactur-
onate at the same rapid rate characteristic of endo-cleaving
enzymes, and tactile assessments of potato tuber discs (0.7 by
10 mm) incubated in diminishing Pel concentrations indicated
that the isozymes macerated at approximately the same rate
(data not shown). Thus, despite the lack of any similarity in
their primary sequences, PelL and PelE appear to have the
same salient enzymological and biological properties. We are
now constructing reporter transposon insertions in these two
genes to further explore their relative levels of expression and
their roles in pathogenesis.

Nucleotide sequence accession number. The nucleotide se-
quence of pell. has been assigned GenBank accession number
142248.
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