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Abstract

A gene ofPseudomonas alginovaorealledaly, has been cloned Escherichia colusing a battery of PCR
techniques and sequenced. It encodes a 210-amithalgnate lyase (EC 4.2.2.3), Aly, in the formao233-
amino-acid precursoP. alginovoraAly has been overproducedin coliwith a His-tag sequence fused at the
C-terminal end under conditions in which the forimafof inclusion bodies is avoided. His-taggedalginovora
Aly has the same enzymic properties as the wilé&gpzyme and has the specificity of a mannuroyateel It
can be purified in a one-step procedure by affinityomatography on Riinitriloacetate resin. The yield is of 5
mg of enzyme per litre of culture. The amplificatifactor is 12.5 compared with the level of produtby
wild-type P. alginovora.The six alginate lyases of known primary strucfiateinto three distinct classes, one of
which comprises the pait. alginovoraAly and Klebsiella pneumoniaAly.

Abbreviationsused : Aly-[His-tag], His-taggedP. alginovoraalginate lyase Aly; HCA, hydrophobic cluster
analysis; NTA, nitriloacetate.

INTRODUCTION

Alginates are linear uronic acid polymers in whitB-mannuronate ang-L-guluronate residues are linked to
form blocks of polymannuronate, polyguluronate samttilom sequences [1]. Alginates are synthesizedlas
wall polysaccharides by brown seaweeds and as &sgumeharides by bacteria. Bacterial alginatesvaimly

of the polymannuronate type, wi@racetyl groups at the 2- and/or 3-position of D-maonate [2]. Alginate
facilitates the attachment of mucddeudomonas aeruginostrains to the tracheal epithelium and respiratory
mucins, protects the bacteria from phagocytes aedepts antibiotic uptake [3-5]. Consequently @ isajor
pathogenic factor in cystic fibrosis patients [1,6]

Alginate lyases have been isolated from variousces[7,8]. They catalyse the breakdown of algitgtes-
elimination mechanism, causing formation of a deutind between C-4 and C-5, elimination of th@-4-
glycosidic bond and production of 4-deoxaerythro-hex-4-ene pyranosyluronate at the nongieduend of the
resulting oligosaccharide [7,9]. The primary stunes of five alginate lyases are known. Al-1 of a
Sphingomonasp. (converted into Al-lIl and Al-Ill by a self-pessing reaction) depolymerizes non-acetylated
and acetylated alginates [10,11]. AlxM of the maracterium A.T.C.C. 433367 [12], ALY &seudomonasp.
OS-ALG-9 [13] and AlgL ofP. aeruginosdl14,15] are each mannuronate lyases. Allebsiella pneumoniae
subspaerogeness a guluronate lyase [16]. Three alginate lyase&tbeen overproduced [16-18]. The
previously described AlxM was cleaved between tysteine residues, Cys-169 and Cys-183, themsahiesdl
by a disulphide bridge [12]. It has been overpradlitiEscherichia colias an unnicked polypeptide chain
referred to as AlxM [18].

™ This paper is dedicated to the memory of ProfeGemrges Michel.

The nucleotide sequencef alginovora alyis deposited in the EMBL/GenBank/DDBJ NucleotidejB=sce Databases under accession no.
X83679.
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As reported previously [19Rseudomonas alginovora an alginate lyase producer. The present pajserites
the purification of &. alginovoraalginate lyase, Aly, and the cloning and sequenofrthe encoding genaly.
It defines the conditions under which the enzymelmaoverproduced i&. coliand purified in a one-step
procedure. It also identifies three distinct classkalginate lyases.

MATERIALSAND METHODS
Bacterial strains, plasmids, oligonucleotides and cultur e conditions

P. alginovorastrain XO17, CIP 102941, was maintained at 25 °Gamwater nutrient agar plates (Difco
Laboratories). It was grown at 25 °C in Zobell Madias described by Boyen et al. [19].

E. coliMax Efficiency DH% (Gibco BRL, Life Technologies, Inc.. coliTop 10 F' (Invitrogen, Leek, The
Netherlands), lysogenig. coliBL21 (DE3) ancE. coliHMS174 (DE3) (Novagen) were used as hosts for
recombinant plasmids. THe colitransformants were grown at temperatures rangom 8 to 37 °C in Luria-
Bertani (LB), Terrific Broth (TB) [20] and M9H [21hedia containing 5Qg of ampicillin and 3Qug of
chloramphenicol/ml. pUC18 (Gibco BRL) was usedubadone DNA fragments and to prepare double-strdnde
DNA for sequencing. pET-22b (for the expressiomemfombinant proteins and conferring ampicillin séence)
and plysS (for the stabilization of target genes eonferring chloramphenicol resistance) were fidovagen.
Oligonucleotides were synthesized by Eurogenteigé.,i Belgium.

Alginate lyase plate assay

Alginate lyase-producing. colistrains were identified by growing them at 28 °Cldack medium' plates
containing 0.5% agar, 0.5% yeast extract (Difcd)p high-viscosity alginate dflacrocystis pyrifergSigma,
St. Quentin Fallavier, France), 0.5% active chdr¢®arva, Heidelberg, Germany), f8/ml ampicillin and 30
pg/ml chloramphenicol [22].

Alginate lyase activity

The substrates were low-viscosity, acetyl-grougsfadginates fronMacrocystis pyriferg60% mannuronate;
Sigma) and_aminaria hyperbore#44% mannuronate; Algocean, Landernau, Francejamanolecular-mass
mannuronate and guluronate polymers, each contpitb20 saccharide units (gifts from Dr. A. Heyraud
CERMAV, Grenoble, France). Enzyme solutions (40)Ccontaining 0.3% substrate in 225 mM Tris/HCI, pH
7.5, or 75 mM sodium phosphate (pH 7.5)/ 450 mM Na&€re incubated at 25 °C for 5 min. The unsatarate
non-reducing groups produced glimination were measured using 3-deoxy-D-manntodosonic acid (up to
50 nmol) as standard. The conditions describedairkkanis et al. [23] were modified as in Malissatdl. [18].
One unit of enzyme activity producequiol of non-reducing, unsaturated, terminal grouprpia.

Production, purification, trypsin degradation and amino acid sequencing of wild-type P. alginovora Aly

The enzyme was produced and purified as descripp&bpen et al. [19]P. alginovor XO17 was grown in 5
litres of Zobell medium supplemented with 0.1% sodialginate fromLaminaria digitato (Sobalg). The
enzyme present in the culture supernatant was otnated by ultrafiltration through 10 kDa cut-ofembranes
and purified by ammonium sulphate precipitation,fifgation and anion-exchange chromatography.

SDS/PAGE (12% gels) d. alginovora Aly was carried out according to Laemmli and Fd24]. Gels were
stained with PAGE Blue 83 or electroblotted for att0.8 mA/crion an Immobilon membrane (Millipore),
using a Pharmacia LKB Novablot apparatus [25]. Memb, with electrotransferred Aly, was inserted ithte
sequencing chamber of an Applied Biosystems 473ikaiacid microsequencer. Acrylamide slices contajni
about 40-5Qug of SDS/PAGE-purified Aly (stained with 0.003 % Amnidlack) were submitted to proteolysis
with 1 pg of trypsin in 15Qul of 0.1 M Tris/HCI (pH 8.8)/0.01 % Tween 20 for ah37 °C. Trypsin-degraded
Aly was submitted to reverse-phase HPLC on a 25046 mmpBondapak C18 column. Elution, carried out
with an acetonitrile gradient from 2to45i#60.1 %trifluoroacetic acid at a flow rate of 0.2 ml/madlowed
many peptides to be separated. Among them, peRitieshd P2 were eluted at 22 and 2dd&tonitrile
respectively. They each were submitted to amind agcrosequencing in the 473A microsequencer. The
amount of phenylthiohydantoin derivative of thesfiamino acid residue was about 210 pmol for befftiges.
The N-terminal sequences of Aly and P2 were useyrithesize nucleotides O1 and O2 respectivelytfaee
Results and discussion section).
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DNA preparation and nucleotide sequencing

Genomic DNA fromP. alginovor was isolated as in Hopwood et al. [26]. Plasmidsevextracted fronk. coli
cells by the alkaline lysis method [27]. Recombirglasmids were constructed and agarose gel efdairesis
was performed according to Sambrook et al. [20tiRgion enzymes (Gibco BRL; Eurogentec) and T4ADN
ligase (Boehringer, Mannheim, Germany) were useHl thie buffers provided and under the conditions
recommended by the suppliers. DNA segments clamediUC18 were sequenced by the dideoxynucleotide
chain termination method [28] using M13 universad aeverse oligonucleotides or synthetic oligonotities as
primers. Denaturation of double-stranded DNA wasgomed according to Zhang et al. [29]. Sequencing
reactions were carried out by using the T7 sequegrkit (Pharmacia LKB Biotechnology, Uppsala, Swede
with [**S]dATP labelling (ICN Biomedicals) or the Autoreselquencing kit (Pharmacia LKB) with fluorescent
primers or incorporation of fluorescent dUTP. listlatter case, electrophoresis was done with &tFADNA
sequencer.

PCR amplification

Mixtures (100ul) containing DNA template (1-gg), deoxynucleotide triphosphates (20 nmol eacH) an
oligonucleotide primers (0.541g each) were treated with VENDNA polymerase (2 units) in Vent buffer (New
England Biolabs, Leusden, The Netherlands) or ®ittdstaf DNA polymerase (0.4-1 unit) in Goldstar buffer
(Eurogentec)/4 mM MgS©OThe reactions were carried out in a DNA Thernyaler (Biometra ; Trio
Thermoblock) for 30 cycles, each with a 1 min daration at 94 °C, a 1 min annealingTat5 °C (whereT, is
the melting temperature of the primers) and a 1&gsnsion at 72 °C. The final elongation step2atC@ was for
10 min. TheT,, values of the primers were calculated using Prifmalysis Software OLIGO version 3.4
(National Biosciences, Hamel, MN, U.S.A.). The P@Rducts were purified using the QIA quick-spin PCR
purification kit (Qiagen, Westburg, Leusden, Thehdelands).

Purification of Histagged P. alginovora alginate lyase Aly (Aly-[His-tag])

E. coliHMS8 cells were grown at 18 °C in 1 litre of TB mad containing 50 /tg/ml ampicillin and 3@&/ml
chloramphenicol, collected by centrifugation, susteel in 100 ml of 50 mM sodium phosphate (pH 8)/600
NacCl, frozen and thawed (allowing the resident yisbzyme to perform cell lysis), and then the prefian was
incubated with 1.7 units/ml DNAse | (EC 3.1.213igma) for 20 min at 20 °C. The lysate, contair88§ mg
of total protein (specific enzyme activity 1.35 tsing of protein in 225 mM Tris/HCI, pH 7.5) wadleoted by
centrifugation at 40008 for 20 min and loaded on a 1.12 cm x 10 crfi Nitriloacetate (NTA) resin column
(Qiagen) equilibrated with 50 mM sodium phosphate 7.0)/500 mM NaCl. Inactive proteins were elimeth
by washing the column first with the same buffed #men with 50 mM sodium phosphate (pH 6.0)/500 mM
NaCl. The adsorbed alginate lyase was eluted aitd8) mM imidazole in the last buffer using a tatep
linear gradient of imidazole from 0 to 150 mM (4&d vols.) and from 150 to 500 mM (0.5 bed vol3 8bw
rate of 0.5 ml/min. The active fractions were stba¢-20 °C. The proteins were estimated accorairigradford
[30], using BSA as standard.

Anti-(alginate lyase) polyclonal antibodies and immunoblot assays

Polyclonal antibodies, raised agaiRstalginovor: Aly or AlxM g [18] alginate lyases, were prepared by
injecting 60-10Qug of each enzyme into rabbits (two pairs), firstamplete Freund's adjuvant and then in
incomplete Freund's adjuvant, at 21-day inten&ésa were collected 57 days after the first ingaxti
decomplemented at 56 °C for 30 min and filter-8t&xil (0.45um). To purify the antibodies, the alginate lyases
(100pg) were each submitted to SDS/PAGE (12%) and @waftrsferred. Membrane strips, stained with
Ponceau S, were incubated at 4 °C for 16 h witH &frthe relevant antiserum and washed successivithy20
mM Tris/HCI (pH 7.5)/500 mM NaCl (TBS), with 3 % lg¢in in TBS containing 0.05 % Tween 20 (TTBS) to
remove non-specifically bound antibodies, and witil of 0.1 M glycine, pH2.5, to dissociate the bdu
antibodies. The glycine buffer was neutralized irdrately with 1 M NaOH (approx. 20d), and the purified
antibodies were stored at -20 °C.

ELISA assays (in duplicate) were performed esskyntia described by Bourdenet et al. [31]. The wotitre
plates (Micro ELISA Dynatech) were coated with fllof a solution of Jug/ml alginate lyase. The ELISA
titres were calculated by multiplying the reciprboha serum dilution within the linear portion thfe
absorbance curvé\{gp 0.7-1.2) by the correspondirgg, value.
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Alginate lyases (0.Rg) were submitted to SDS/PAGE (12%) in the presengeeadtained SDS/PAGE
standards (Bio-Rad Laboratories, Ivry-sur-Seinange) and transblotted on to Immobilon membranks. T
membranes were treated with 3 % gelatin in TBSdolkbtheir protein-binding capacity, washed withBS and
treated with purified anti-AlxM antibodies (100-fold dilution) and anti-Aly antities (1000-fold dilution).
Complexes were detected as purple-red bands Usngio-Rad immunoassay kit, a goat anti-(rabbit)lgG
alkaline phosphatase conjugate (1:3000 dilution)) the reagents-Nitro Blue Tetrazolium chloride and 5-
bromo-4-chloro-3-indolyl phosphate, toluidine salt.

pi values, homology sear ches and hydrophobic cluster analysis (HCA)

Experimental pl values were measured by agarosgl@eklectrofocusing using Pharmalytes 3-10 (Pheiai
under the conditions recommended by the manufacfiheoretical pl values were computed using GCG
software [32]. A homology search through the PIBt@in sequence data bank (version 32) was madg usin
FASTA and TFASTA [33]. For HCA, sequences takemfrearious data banks were converted into HCA plots
using the HCA-PLOT program from Doriane (Le Chesragnce). In these plots the amino acid residues a
represented by their standard one-letter code p¢faeproline, glycine, serine and threonine which
represented b, ¢, (] ando respectively. HCA scores were computed as destblgeGaboriaud et al. [34]
and Lemesle-Varloot et al. [35].

Tablel Amino acid sequencing data of P. alginovora Alsnino acid residues are numbered according to the
sequence shown in Figure 2.

Peptide N-terminal amino acid sequence Amino acid positions
Wild-type Aly GSFNDISWTLENEDN 1-15

Tryptic peptide P1  IWSSSIEVGGEE 168-179

Tryptic peptide P2 IGAYQLTGGEGEFHV 185-199

RESULTSAND DISCUSSION
Gene cloning and sequencing: amino acid sequence of P. alginovora Aly

Wild-type Aly produced by. alginovorawas purified to homogeneity (yield 0.4 mg per lisfeculture) and the
trypsin-degraded polypeptides P1 and P2 were &blas described in the Materials and methods sedtable
1 gives the N-terminal amino acid sequences ofailg of polypeptides P1 and P2.

The strategy of gene cloning involved the genenatibthe PCR products X, Y, Z and W, as illustraite&igure
1. The nucleotide sequencealy and the translated amino acid sequende. @lginovoraAly are shown in
Figure 2.

Product X

The genomid. alginovoraDNA was used as template, and oligonucleotide @tdeing the heptapeptide
F*NDISWT? of Aly; Table 1) and oligonucleotide O2 [complertany to the B**GEFH(V)***-encoding
sequence of peptide P2; Table 1] were used as gmifibe reaction product X, identified by gel etephoresis,
was about 600 bp long. It was subcloned into pU&tismd and sequenced using the M13 universal and
reverse primers and oligonucleotides O3 (nuclestiti2-774) and O4 (complementary to nucleotides&823).
Product X encoded a 197-amino-acid polypeptidesétrience of which was the Bhal'*® sequence shown in
Figure 2.

Product Y

TheHindlll, Dral, Clal andEcoRV genomic libraries were used as templates in arrseveCR [36] with
oligonucleotide O5 (nucleotides 1046-1068) andaligcleotide 06 (complementary to nucleotides 523) 54
primers. (In an inverse PCR, a recircularized Dggfnent is used as template to amplify a gene fom
internal position, and the sense of the amplifaafrom the primers is opposite to that of a dife€R.) The
reaction product Y (about 2000 bp long), obtainétth whe Hindlll library, was subcloned into pUC18%ina
and sequenced with the M13 universal primer argbalicleotides O7 (complementary to nucleotides 285
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and O8 (nucleotides 1-22) (assay no. 1), and WwighM13 reverse primer and oligonucleotide O9
(complementary to nucleotides 1519-1541) (assagnd@ssay no. 1 gave the nt 1-nt 548 sequence rslow
Figure 2. The nt 422-nt 535 sequence encoded ar@®aacid signal peptide (Métto Ala?) fused to the Gl
Asn*sequence of the wild-type enzyme (Table 1). Assay?nhowever, revealed that a fragment was deleted
from nt 1046 as a result of the subcloning into 48C

Figurel Strategy used for the cloning and sequencing oPthedginovora alginate-lyase-encoding gene aly.
Primers used for PCR amplification are indicated-byand« ; sequences initiated with the M13 universal or
reverse primers are indicated loy; and sequences initiated with synthetic nuclexttidre indicated by O. The
arrows indicate the orientation and length of tlegjsenced DNA segments. The unshaded box représents
signal-peptide-encoding sequence; the shaded hpnesents the mature alginate lyase-encoding geime. T
hatched area in Y is a deleted segment (see the tex
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Figure2 Nucleotide sequence of P. alginovora aly and dedaeeino acid sequence of its product Alie N-
terminal amino acid sequences of the mature enzyrdehe tryptic peptides P1 and P2 are underlirdows
indicate the putative stem-loop area. RBS, ribosbimding site.

GCTATCGATAGCCTTAGTGAACTAGACCCTGTTTCAGAAGACATGATAACCAGCCAATTA
10 30 50
GCGGAGCTGGAGCAATTCCAATGGTTTATTCGTGCTCATCTTGAGTCATCAACAGGCGAG
90 110
CTAAAAAGTAAGTGAATTTTCATAARAATTGAGTGTATTTACACTTACTAAAATTGCTTT
130 , 150 170
CTTTTAAACAATACACTTAAAATTTTARAGACCTCGTACCACCAATACGAGGTTTTTTAT
190 210
TGCCTTAACTCAAATACCCACAAAATATATTAAGATATAGAACAGCTAACTCATCAARAC
250 270
CAACCCTTAATAACTACAAGATAAAAATAATACAACCCTARAAGATTATTTTAATTTACA
310 330 3so
CTATATTAATACCTTTGCTAGATTTGAACCTGAATTAGAAACTAAACTATTGAGGAATAA
370 390 410 “RBS
-23 -10
M X I I S c¢c X S I IV S s LLALSA AT
TATGAAAATAATTTCTTGTAAATCAATTATTGTCAGTTCTTTACTTGCTCTAAGCGTCAC
430 450 470
-1 +1 10
A T A G S F N DI S WTLEDNETDNTLT®P
GGCTACAGCAGGTAGCTTTAACGATATTAGTTGGACATTAGAAAACGAAGATAATCTTCC
4390 510
20 30
E T DASGOCATLTEKTPSTSTS TS K T
TGAAACGGATGCAAGTGGGTGTGCTCTAAAACCAAGTACATCAACGTCAACAAGCAAGAC
550 570 590
40 50
F EF G L TDDSNTZGCTLDGTZXQ®RDE F
ATTTGAATTTGGTTTAACTGATGATTCTAATTGCCTTGATGGAAAACAAAGAGATGAATT

610 630 €50
60 70
K Y Q R R T G Y NRILTGYF T I D G N
TAAATATCAACGTAGAACTGEATATAACAGGCTCACTCETTATTTTACAATAGATEGTAN
670 630 710
80 ¢0
Y s D F N XK M G V A Q T EDUEHE S T s D 7T
CTATTCTGATTTTAATAAAATGEGCGTAGCACAAACCCACCATCACTCTACAAGTGATAC
730 750 770
100 110
G VvV F §s I ¥ Q V R K E NG S ¥ I F G V Q
CGGTGTTTTCAGTATTTACCAAGTAAGAAAAGAAAATGECTCGTATATATTTGETGTTCA
730 810 830
120 130
G D S N Y 8§ N NG W S D HE P Q V XK I s L
AGGAGATAGCAACTATTCAAATAANTGGTTGGAGTGATCATCCTCAAGTTAAAATATCACT
850 870 890
140 150
D T R Y EL I I K TNGUL P NG N S Y E
TGATACTCGTTACGAACTAATTATTAAAACCAATGETCTTCCTAACGETAACTCTTATGA
910 930 950
160 170 Pl

D ANIL Y L DDV K I WS S S I E V G G
AGATGCAAACCTTTATCTTGATGATGTTAAAATTTGEGTCTAGCTCTATAGAGGTTGGTGS
970 9g0 1010
180 190 P2

E E K Q ¥ K ¥ I G A ¥ QL T G G E G E F
CGAGGAAAAACAATATAAAAAAATTGGTGCCTATCAGCTTACTGGTGGCGAAGETGAGTT
1030 1050 1070
200 210
E VK WD S VXKL Y T G K
CCATGTTAAGTGEGATTCTGTAAAACT T TACACTGGTAAATAACCAATAAMACTTARATA

1090 1110 1130
GAACCTCCACATTAAAAATGCAGGAGETTTTTTTAAAATTAAAAGGCACAAATAACACTA
------ > mm———— 1190
ACTCTTCTAAAACGC TAT T T T TCTAGTAAGTAGATGACCTCGCTGACAACGTTAAAATAG
1210 1230 1250
CCCATATGAAACAACATATCTCTGATTTCACCTTGCAGTTACCCCCTACTGTCGTAGTAA
1270 1290 1310
TAGATCACTAATTCAATGGAAAAGGTATACCTTAATTAAAAGCTAAAGTTTTATATAATT
1330 1380 1370
ACTTATTTTCAAGTTAATGATATGACGCCGCGTTTAAATCTCTAAAATGAAATTTAATAC
1390 1410 1430
GTGCTTTATTATC T TATTAT T T TTTCATCACCCACTCACARAAACGGTTAACCAATACTG
1450 1470 1490
TATAAAAAACAAAACAAACCATAACCATCTTACCAATGCAGATAAAACAAAAATTAR
1510 1530 1550
Product Z

Product Z (about 600 bp long) was obtained witbaiucleotides 03 (as above) and 010 (complemetdary
nucleotides 1289-1309 withRst site fused at the 5' end). Product Z was subclimedoUC18 betwee8ma
andPst and sequenced in both directions with the M13 usleand reverse primers and oligonucleotide O5. It
contained the nt 1046-nt 1170 segment that wasmgi®m product Y. It also contained a TAA stopon
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starting at position 1121.
Product W

Products Y, X and Z arranged in an ordered sequenti@ined a 699-nucleotide open reading framestiaated
with a methionine-encoding ATG codon at positio2 42d terminated with the TAA codon at position 1.12

To check the accuracy of the sequence, the Goldathent DNA polymerases were each used to anbley
entire gene with oligonucleotide 010 (as above)@aligbnucleotide O11 (nucleotides 422-449, with Asp’*®
andNdd sites fused in tandem at the 5' end). The two petases each generated the same product, W (approx.
900 bp long). Subcloning into pUC18 at the A8@ndPst sites and sequencing confirmed the nucleotide
sequence shown in Figure 2. Segments located aps@ead downstream &f alginovoraaly had similarities

with knownE. coliconsensus sequences. A putative GAGGA Shine-Dalgarguence occurred 5 bp upstream
from the ATG initiation codon. The TATatT and TTGc§&quences located 130 bp upstream from this Shine
Dalgarno sequence might correspond to the '-10'-8Bdregions of a promoter [37]. A putative stkrop area
located 18 bp downstream from the TAA stop codoghtnbe a transcription termination site [38]. Moreq

this hairpin structure was followed by a TTTTT seqce, reminiscent of a Rho-inde-pendent terminatitmn

P. alginovora alytranslated into a 210-amino-acid (&lyys®*Y) protein preceded by a 23-amino-acid (¥fet
Ala™) signal peptide (Figure 2). The theoretical molacmass, 23 570 Da, of the signal-peptide-fredqimo
coincided perfectly with the experimental value2dfkDa derived from the migration of wild-tyjfe alginovora
Aly on SDS/ PAGE. The theoretical (4.69) and experital (5.20) pl values were similar. The tryptappides
P1 and P2 occurred near the C-terminal end of thieip (Figure 2).

Overproduction, purification and properties of Aly-[Histag]

To overexpresaly and facilitate purification of the overproduced yme,Ndd andXhd sites were created by
PCR at the 5' and 8hds of & respectively using, as primers, the sense oligeaticle O11 (as above) and the
antisense oligonucleotide O12 (complementary tt08i8-1120, with &hd site fused at the 5' end). The 719 bp
PCR product was cloned into pET-22b betwhleld andXhd sites. The resulting plasmid, pET-aly, contained
P. alginovora alywith its own Met*Ala signal-peptide-encoding sequence and the Hisiiag (
LEHHHHHH)-encoding sequence fused at therRl. The gene was under the control of théaEtperator. In
consequence, its expression was inducible by igybD-thiogalactoside.

pET-aly was used to transfori coliTop 10 F' as described by Sambrook et al. [20]. @die'supercoiled
pET-aly/plysS' was used to transfoEncoliBL21 (DES3), yieldingE. coliBL34, andE. coliHMS174 (DE3),
yielding E. coliHMS8. The production of Aly-[His-tag] by the (amflin- and chloramphenicol-resistant)
transformants was monitored by varying the grovathditions: the medium, the temperature, the tintktar
duration of the induction. The produced proteinemeent aggregation into inclusion bodies at growth
temperatures of 24 °C or higher. The optimal cood# for the production of the enzyme in a watduisie
form were: a temperature of 18 °C; initiation adlirction by adding 1 mM isopropygtD-thiogalactoside agqo
= 1.3 (in the case &. coliBL34 grown in MOH medium) or aigye = 0.9 (in the case d&. coliHMS8 grown in
TB medium); and a duration of induction of 7th €oliBL34) or 17 h E. coliHMSS8).

As described in the Materials and methods seckorpliHMS8 was grown in 1 litre of TB medium under
optimal conditions, the cells were lysed by fregzimd thawing and the enzyme solution (387 mg offegim;
specific activity 1.35 units/mgin 225 mM Tris/H@IH 7.5) was purified by chromatography on &'NNTA

resin column (yield 5 mg of protein; specific adiv/1 units/mg in 225 mM Tris/HCI, pH 7.5). The
amplification factor of 12.5 (by reference to thelg of enzyme production by the wild-type strawgs lower
than that obtained with other recombinant algimgdses [16-18]. This relatively low amplificatioadtor may
be attributable to the low temperature at whichBheolitransformants must be grown to avoid the formatibn
inclusion bodies.

Aly-[His-tag] had the same N-terminal amino acidsence (GSFNDISW) &3. alginovorawild-type Aly,
showing that cleavage of the signal peptide ocdutdging synthesis i&. coli. As shown by SDS/PAGE
(Figure 3A), Aly-[His-tag] was more than 90 % puaad its apparent molecular mass was slightly greahtin
that ofP. alginovoraAly (because of the presence of the additionalteigsectapeptide). The theoretical (5.35)
and experimental (5.8) pl values coincided well.
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Figure 3 SDS/PAGE (12% gels) of AlxMlanes 1), P. alginovora Aly-[His-tag] (lanes 2)@P. alginovora Aly
(lanes 3).Coomassie Blue staining is shown in (A). Westemunoblots are also shown using antisera directed
to AlxMg (B) and Aly (C). All samples were solubilized DSBPAGE sample buffer at 100 °C for 5 min.
Prestained proteins of standard molecular massBa)lare shown.
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In 225 mM Tris/HCI, pH 7.5, buffed (0.18) and at 25 °@. alginovoraAly and Aly-[His-tag] had identical
degrading activities towards the alginate substrasted (see the Materials and methods sectifnits/mg
with a mannuronate polymer (15-20 units), 75 umitsivith M. pyriferaalginate (60 % mannuronate), 20
units/mg withL. hyperboreaalginate (44 % mannuronate) and 7 units/mg witkllargnate polymer (15-20
units). At higher ionic strength 0.66), and in 75 mM sodium phosphate (pH 7.5)#80 NaCl buffer, the
enzyme activity was decreased by 50 %. The comriusiatP. alginovoraAly is a mannuronate lyase and not a
guluronate lyase is at variance with that propgeediously [19]. Palginovoramight produce a guluronate
lyase in addition to Aly.

P. alginovora Aly asa member of a particular class of alginate lyases

The six alginate lyases of known primary structiimeludingP. alginovoraAly) have various molecular
masses. The polypeptide chains (including the $igeatide) contain 413 residugSphingomonasl-lll), 398
residuesPseudomonaALY), 368 residuesK. aeruginosalgL), 307 residuesK. pneumoniadly), 285
residues (marine bacterium sp. AlxM) and 233 ressdf. alginovoraAly). Hence one important conclusion
derived from the present study is that an ~200-araitid polypeptide can adopt the required foldoyplogy
for breaking glycosidic linkages bypaelimination reaction.

Homology searches carried out by Baron et al. {88jg methods based on single amino acid properties
revealed statistically insignificant or marginahdarities between ALY, AlgL, AlxM an&K. pneumoniadly,
except for the presence of a 9-amino-acid motiflQREVYNQ) at positions 257-265 in AIxM and 274-282 i
K. pneumoniadly, close to the C-terminal end of the polypeptaiains.

These four alginate lyases were re-examined by HDW4,the same method was applied to Al-Ill Bnd
alginovoraAly. HCA is a powerful method for comparing proteitinat are weakly related in primary structure.
It rests upon a duplicated representation of thimauacid sequences on arhelical two-dimensional pattern in
which the hydrophobic residues tend to form clisstés the six amino acid residues adjacent to uesidrei-4,
i-3,i-1, i+1,i+3 andi+4, distant information becomes visible more rgadilydrophobic clusters of similar
shapes, sizes and relative positions are assodidtiedefinite secondary structures. The extergiwiilarity
between two amino acid sequences is expressedHifascore, as defined in [34,35]. HCA scores of6are
found among proteins having the same overall fgidbut with significant structural differences)davalues of
80% or more are found among proteins of super-iaiplesthree-dimensional structures.
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Table2 Amino acid sequence classes of alginate lyages.amino acid numbering includes the signal peptid
The numbers of amino acid identities and similasitvere derived from the alignments shown in Figude
indicates the number of identities plus similastias a percentage. Pairwise HCA scores have bempuated
from the HCA plots, as described by Gaboriaud ef34].

Alginate lyase Sequence Amino acid No. of No. of > (%) HCA score
residues identities  similarities

Class 1

Sphingomonasp. Al-Ill  GIn*-Ala®’ 349

P. aeruginosalgL GIn?®-Ser®® 343 91 80 49

Sphingomonas sp1-ll Tyr*%Ala®*° 195

P. aeruginosalgL Me®%Ala?® 199 60 53 56.8 69.9
Class 2

Pseudomonasp. ALY Met-Lys'® 183

Photobacteriunsp.* AlxM  Met'-Lys™® 190 35 55 47.4 67.4
Class 3

K. pneumoniad\ly Phe&®-Glu?? 193

P. alginovoraAly Phe&®-Glu?*® 194 40 48 45.4 71.7

* A tentative assignment to the gerRisotobacteriunhas been proposed for the marine bacterium A.T.€338367 [39].

The HCA plots of the alginate lyases and the amaitid sequence alignments derived from these plets a
shown in Figure 4. The results of the analysissaramarized in Table 2. The following observatioresav
made, (a) The extent of similarity between Al-idaAlgL is largely above the cut-off point on thasis of
which one may safely assume similarity in the thdteeensional structures. These two alginate lyésémto
class 1. One may note, however, that the highest & similarity resides within the ~200-amino-@ci
sequences that extend from ¥¥ito Ala®*°in A1-1Il and from H&? to Ala®in AlgL. (b) ALY, AlxM and theK.
pneumoniaandP. alginovoraAlys each contain a polypeptide segment also abdditamino acids long which,
upon pairwise comparison, allows two additional morcid sequence classes to be defined. ALY ani¥l/Are
of class 2, and thi. pneumonia@andP. alginovoraAlys are of class 3. The HCA scores are about 7&/Bigh
implies that the pairs of polypeptides share reldétéding topology. (c) Inter-class similarity ift@st non-
existent. As shown by Western blotting (FiguresaBi8 3C) P. alginovoraAly does not react with anti-AlxM
antibodies (titre 300; dilution 1:100), AlxM doestrreact with antif. alginovoraAly) antibodies (titre 3000;
dilution 1:1000), buP. alginovoraAly and its derivative Aly-[His-tag] react with thenti-Aly antibodies. (d) A
conserved aspartic acid residue occurs at posifidasn Al-11l and 135 in AlgL, at positions 58 ALY and 67
in AlxM, and at positions 67 and 70 kh alginovoraandK. pneumoniadlys respectively. (e) With the
exception ofP. alginovoraAly, which is 233 amino acids long, the ~200-amawuid polypeptide that appears to
define the 'core’ of the five other alginate lyasgsesents only part (sometimes less than hathefimino acid
sequence. The mannuronate lyase AlxM andtheneumoniaguluronate lyase Aly each have a conserved 9-
amino-acid segment close to the C-terminal enti®@firotein. These observations suggest that, ld&eym
glycosyl hydrolases [40], the alginate lyases mapbmodular design. (f) The proposed class graydimes not
correlate with the substrate specificity of theirzdde lyases. An increasing number of proteinskamevn that
have similar folds but insignificant sequence samiies [41]. The alginate lyases of classes @ 3&and,
perhaps, the pectate lyases (which also cleavegiljic linkages by A-elimination reaction) may belong to the
same superfamily and may have a common fold sigaalinese questions are still open. At the presee,

only the pectate lyases PelC and PelEmvinia chrysanthemf2] and Pel oBacillus subtilig43] are of

known three-dimensional structure. They each attmpsame fold topology of parallgistrands wound into a
large right-handed coil [44].



Published in: Biochemical Journal (1996), vol. 3pf®, 575-583.
Status: Postprint (Author’s version)

Figure4 HCA plots and deduced amino acid alignments gihate lyasesin HCA plots, conserved
hydrophobic amino acids and clusters are shadedhitk grey; conserved hydrophilic amino acids aradsd

in light grey. Vertical lines show the proposedrespondences between the sequences. In the aliggyraarino
acid identities are indicated by vertical lines asgichilarities by asterisks. Sequences were takem:fPRF
2009330A (Sphingomonas sp. Al), SwissProt Q06748giRiginosa), DDBJ D10336 (Pseudomonas sp. OS-
ALG-9), SwissProt P39049 (Photobacterium ATCC 4333Bie present study (P. alginovora), and GenBank
L19657 (K. pneumoniae).

Sphingomonas sp.

Class 1
Pseudomonas aeruginosa
Sphingamonas sp 59 QAVWKDPTASYVDVKARRTFLOSGOLDDRIKAALPKEYDCTTEATPNPCOGEMY IPRRYLSG-NHGPVNPDYEPVVTL———=YRDFEK 141
N I N T *E | *x|*
P. aeruginosa 26 QAADLVPPPGYYAAVGER-—————————-KGSAGSCPAVPPPYTGSLVFTSKYE-GSDSARATLNVKAEKTFRSQIKDITOMER 97

Sphinganonas sp 142 ISAT-LG-NLYVA—TGK-PVYATCLINMIDKWAKADALLNY-DP-KSQ-SWYQVEWSAATAAFALSTMVAE--PNVDT-A-O-RERVWK 218
[L ] % % %%k x| | [|xk [[x || k| Kk [k ok x kk|k ok ok T

P. aeruginosa 98 -GATKLVTQ-YMR—SGRDGDLA-CALNWMSAWARAGAT ~OSDDFNHIGKSMRKWALGSLSGAY-MRLKF SSSRP-LAAHAFRQSRE-TED 178

Sphingamonas sp 219 WLNRVARHOT-S-FPG-GDTSCC-NNHSYWRGQEATT I-~GVISKDDELFRWGLGRYVOAMGLINEDGSFVH-EMIRHEQSLHYONYAML 301
[* Fx x| o* PETIEE %0 ko ok k| ok x| &k k| x 0 |x x| ][ *

P. aeruginosa 179 WFARLGT-QVVRDWSGLPL—KKINNHSYWAAR-—SVMSTAVVINRRDLFDWAVSEFKVAANQVDEQG-FLPNELKRRORAIAYHNYALP 262

Sphingamonas sp 302 PLIMIAETASROGIDLYAYKENGRDI-HSARKEVFAAVKNPDLI-KKYASEPQD-TRAFKPG-RGDINWIE-YORARFGFADELGFMIVP 386
FETEE b ) I | 11 | | B

P. aeruginosa 263 PLAMIAPFAQUNGVDL—RQENHGALQRIAERVMK-GVDDEETFEEK-TGEDODMID-LKVDNK-—YAWLEPYC-ALYRCEPNACSRPKK 344

Sphingamonas sp 387 IFDP--—RIGGSGTLLAYKPQGAARQAPVS 413

el [ R
P. aeruginosa 345 DREPFNSFRLGGEVIRV-FSREGGS-—-— 368
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Pseudomonas sp.

Class 2

Photobacterium sp.

Pseudamonas sp 1 MPG-DKVIMKSGEWKSQE THEKGKGTAEKP—— I TLTAE TK———GS~VLLTGNSNLKIDG-EWLVVDGLSFKNGE SLKDDWVE 75

| * 1] * x| 1 * | k| ok xk ok || |** x| ||k xRx|

Photobacterium sp 1 MIKSNLVI—SSLAIVSSMS YAGVEF SN-PSGRLGEPANY TCF ANILSASEL QTS-DPNGKKGNKE YFALDND-FT-GI-VNDNEYVD 81

Pseudamonas sp 76 TKTTINS—RLINTSI-ENYNPVDKTL—DY—XWVSLYGHHNRVDHCS I TGKNEQGTT-—LVVWLDDKENYH-QID—HNYFGPR 149
| oxx I P T L x x| * ok|x ok |k ox o [|x 0 |*

Photabacterium sp 82 —X~-QSQALVFKMANDHLRNEL R-VCKNFRTDLPDHE YTLYANVE ILHPLQSMA—NS TSKQNE TTFLQVH-NKGLDDQGTHNV—PH 160

Pseudamonas sp 150 PELGA—NGCETIRIGTSAFSMNDSYRTVCNN-IFTKC 184

] * ok k| | x % 1] o** |

Photobacterium sp 161 PLIRWIWKENNQGVK-GH—F-WA—ITK—\NAVICKG 191

Pseudomonas alginovora

Class 3
Klebsiella pneumoniae
P. alginovora 26 HDIS-WIIHEDMPE’DAS({ALKPSTSKSISKEEF—GLIDDW —KYORRTGYNR—LIGYF TIDGNYSDENKMGVAQT 112
| x| 1% * ok ek | % x| x| %] I N T T T B L B
K. pneumcniae 29 FWSDWMDMSDM—KAPIW—@TS TA-TOG 111

———— L TTKTNGLPNGNS YEDANL
P. alginovora 113 HDHSTSDTGVES— LYOVRKE—NGS Y IFG-VOGDS-NYS-NNGRSDHPQVK TSLDTRYE; ILD—E 188
* ok |k| % kx| *|EE kx| X | | kx| Xk x| * *|*

K. pneumoniae 112 m_msmsmmmmmlmmmmm—wm—m 191

P. alginovora 189 —VKIWSSS TEVGGEEKQYKK-IGAYQL——TGGEGE 219

| L R I L | [** |

K. preumoniae 192 PRKG———FG-DE~CWYEMIGTLOPSEQNQTAAPTE 221
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