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ABSTRACT: A genomic library of Pseudomonas fluorescessibsp.cellulosa DNA was screened for
galactanase-positive recombinants. The nine galactanase positive phage isolated contained the same
galactanase gene designatgdA. The deduced primary structure of the enzyme (galactanase A; GalA)
encoded bygalA had aM; of 42 130 and exhibited significant sequence identity with a galactanase from
Aspergillus aculeatuglacing GalA in glycosyl hydrolase family 53. The enzyme displayed properties
typical of an endg3l,4-galactanase and exhibited no activity against the other plant structural
polysaccharides evaluated. Analysis of the stereochemical course of 2,4-dinitrofkgaigletobioside
(2,4-DNPG) hydrolysis by GalA indicated that the galactanase catalyzes the hydrolysis of glycosidic
bonds by a double displacement general atidse mechanism. Hydrophobic cluster analysis (HCA)
suggested that family 53 enzymes are related to the GH-A clan of glycosyl hydrolases, which have an
(a/B)s barrel structure. HCA also predicted that E161 and E270 were the-bagk and nucleophilic
residues, respectively. Mutants of GalA in which E161 and E270 had been replaced with alanine residues
were essentially inactive against galactan. Against 2,4-DNEG61A exhibited a much lowef, and

keat than native GalA, while E270A was inactive against the substrate. Analysis of the pre-steady-state
kinetics of 2,4-DNPG hydrolysis by E161A showed that there was an initial rapid release of
2,4-dinitrophenol (2,4-DNP), which then decayed to a slow steady-state rate of product formation. No
pre-steady-state burst of 2,4-DNP release was observed with the wild-type enzyme. These data are
consistent with the HCA prediction that E161 and E270 are the-dmde and nucleophilic catalytic
residues of GalA, respectively.

Glycosyl hydrolases cleave their target substrates by eitherRecently, HCA and X-ray crystallographic data have shown
a single or double displacement general atidse mecha- that there is a structural and evolutionary relationship
nism (1). In the active site of these enzymes are two between several different glycosyl hydrolase families; thus,
carboxylic acids residues that participate in catalysis, a related families have now been grouped into cla§)s (n
nucleophile and an acid/base catalyg}. ( Hydrophobic addition to containing catalytic domains, it is apparent that
cluster analysis (HCA)has grouped these enzymes into some glycosyl hydrolases, such as cellulases and xylanases,
families. Enzymes in the same family have a similar three- that attack the plant cell wall are modular enzymes consisting
dimensional structure reflecting their common ancestral of a discrete catalytic domain and cellulose binding domain
origin (3). The key catalytic residues in enzymes from the (5—9).
same family also appear to be completely conserved. Although substantial progress has been made in the

elucidation of the three-dimensional structures and catalytic
o . . . mechanisms of cellulases and xylanases, there is a critical
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Ficure 1: Restriction map of recombinant plasmids contairga¢®. The cleavage sites for the restriction enzyresl (A), EcaRV (E),

Kpnl (K), Pst (P), Smd, andSst are shown. The multiple cloning region (MCR) of pBluescriptSK pBGL1 is indicated by &, and the
restriction sites in the MCR proximal to the pseudomonad insert are shown. The plasmids @B@#e derived by subcloning restriction
fragments from théPseudomonammsert in pBG1 into pUC-based vectors. pBG2 and pBG3 were derived by cloning the PCR product
encoding mature GalA into pET16a and pET32a, respectively. The plasmidsBXB¥ere truncated derivatives of pBG1 generated by
exonuclease treatment. The location and orientatiogabh in pBG1 is indicated by an arrow. The capacity of the plasmids to express a
functional galactanase is indicatedt)(

to other polysaccharides within the plant cell walll). positive bacteria, LB-agar was supplemented with 0.2%
Type-1 galactans are hydrolyzed by enilh4-galactanases AZCL-galactan (Megazyme Ltd., Ireland). To induce ga-
(galactanase; EC.3.2.1.89). These enzymes have beetactanase expression from pET-based plasmigls.coli
isolated from numerous microorganisms including the aero- cultures were grown to mid-exponential phases{ 0.5) at
bic fungi Aspergillus aculeatusnd Aspergillus nigerand 30 °C in LB supplemented with ampicillin, isopropy! thio-
the bacteriunBacillus subtilis(12, 13). pB-p-galactopyranoside (IPTG) was then added to a final
Currently, there is a paucity of data on the structure/ concentration of 50Q:M, and induction was allowed to
function relationships of galactanases. The primary structureproceed for 4 h. Recombinahiphage were grown on NZY
of only a single galactanase has been described. Themedium seeded with thE. coli strain XL1-Blue. TheE.
enzyme, fromA. aculeatusexhibited significant homology  coli strains used in this study were JM101, JM&3)( BL21
with the product of @8acillus circulansopen reading frame  (18), XL1-Blue (Stratagene), and tlieit- ung- strain CJ236
(ORF) with no known functionld). The fungal galactanase, (Bio-Rad). The plasmid vectors used in this study were
which had a simple molecular architecture that lacked the pMTL20—pMTL23 (19), pBluescriptSK (Stratagene), and
noncatalytic domains prevalent in a range of plant cell wall pET32a (Novagen). The bacteriophage vectors employed
hydrolases, was assigned to glycosyl hydrolase family 53. were M13mp19 17) and1ZAPII (Stratagene).
There have been no reports on the amino acid sequence or Screening of a Genomic Library for Galactanase-Positi
molecular architecture of a prokaryotic galactanase, and thephage. A genomic library ofP. fluorescensubspcellulosa
mechanism by which these enzymes cleave glycosidic bondsDNA, constructed im.ZAPII (20) was plated out on NZY
has not been elucidated. It also remains to be establishedop agarose supplemented with the insoluble polysaccharide
whether prokaryotes contain multigene families encoding AZCL-galactan, to a density of 20 plaquesfcmAfter
galactanases, as is the case for cellulases and xylari&ges ( incubation for 16 h at 37C, galactanase-expressing phage
16), or whether the enzyme is the product of a single copy were surrounded by blue halos in a background containing
gene. In this paper, we describe the primary structure, particles of AZCL-galactan. Galactanase-positive phage
biochemical properties, and mechanism of action of the endo-were subjected to two rounds of purification after which all
B1,4-galactanase expressed Bgeudomonas fluorescens the phage screened were galactanase-positive.

subsp.cellulosa. Recombinant DNA Technologi2NA-modifying enzymes
MATERIALS AND METHODS such as restriction endonucleases and T4 DNA Iigasg were
used as suggested by the manufacturers. Nucleic acid
Microbial Strains, Nucleic Acids, and Culture Conditions. electrophoresis, Southern blotting, plaque hybridization, and
P. fluorescensubsp.cellulosaand Escherichia coliwere transformation ofE. coli were carried out as described
cultured in Luria broth (LB) at 37C, unless otherwise stated. previously @1). Plasmid and phage DNA were purified
A bacteriophage was grown on NZY medium. In galactanase using Qiagen columns. To determine the nucleotide se-
induction experiments. fluorescensubsp.cellulosawas guence of the galactanase gene, nested deletions of the
cultured in LB, supplemented with the appropriate sugar or Pseudomonaisisert in pBG1 (Figure 1) were generated using
polysaccharide at a final concentration of 0.25% for 12 h at the S1/exonuclease kit supplied by Promega. H&eudomo-
which point the cultures were in mid-exponential phase. nas DNA in the truncated plasmids was sequenced using
Ampicillin (100 #g/mL) and 5-bromo-4-chloro-3-indoly-p- the PRISM ready reaction dye-deoxy terminator cycle
galactopyranoside (80y/mL) were added to media to culture  sequencing kit supplied by Applied Biosystems Instruments
E. colitransformants and select for pMTL- &ZAPIl-derived (ABI) and the ABI 373 automatic sequencing model.
recombinants, respectively. To select for galactanase-Sequences were compiled and ordered using computer
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programs described by Stade2?). The cloned DNA was  was added, and the mixture was again evaporated to remove
sequenced completely in both strands. To select for mutantstraces of water. Acetic anhydride (30 mL)bB g ofsodium
DNA was sequenced using the Sequenase version 2.0 kitacetate were added to the residue, and the mixture was heated
(Amersham International) employing primers that annealed with stirring in a boiling water bath for 1 h. Solvents were
to appropriate regions of the galactanase gene. To cloneevaporated, the residue was shaken with 100 mL of water
the region of the galactanase gene that encoded the maturand 100 mL of CHCI,, and the mixture was filtered through
enzyme into the expression vector pET32a, the PolymeraseHyflo. The layers were separated, and the aqueous fraction
Chain Reaction (PCR) was employed to amplify the ap- was re-extracted with 50 mL of GEl,. The combined
propriate region of pBG1. The conditions for PCR were as organic extracts were dried over Mgg{Cfiltered, and
described previously2@). The primers used to amplify the  evaporated to give a syrup that was dissolved in 50 mL of
DNA were 3 CGCCCATGGATAATACGCCATTCTAT- toluene and re-evaporated to remove the last traces of acetic
GTG 3 and 3 GCGGAATTCATTTATTCGGCTTGT- acid, to leave a syrup (3.6 g). The syrup was chromato-
GCGC 3. The amplified DNA was digested witicd and graphed on silica. Elution with light petroleurethyl acetate
EcaRl and cloned into th&lcd andEcdRl sites of pET32a  (1:1) gave a mixture of acetylated galactooligosaccharides,
to generate pBG3. Site-directed mutagenesis was carriedwhile elution with light petroleunrethyl acetate (1:2) gave
out using the method of Kunkel2q). Mutations were 0.49 g of 1,2,3,6,23,4,6-octaO-acetylgalactobiose *H-
introduced into the galactanase gene and thus into theNMR spectroscopy suggested that the compound was mainly
encoded enzyme by using the following primers to synthesisethe 5-anomer;*H-NMR (CDCL): ¢ 6.57 (d, 0.27H,J;»
the DNA in vitro: E161A, B TCAATATTGGTTGCGT- 4.0Hz, H-X), 5.65 (d, 0.73H,J:> 8.3 Hz, H-BB). The
TGCCGACTTG 3; E270A, 3 GATAAGCCGTOGCCA- remaining data are for th@&-anomer: ¢ 5.37 (dd,Jz » 3.4
CAATCATGA 3'. The mutated nucleotides are in bold. The Hz, Jys 1.2 Hz, H-4), 5.26 (dd,Jr 2 7.9 Hz,J> 3 10.6 Hz,
target DNA consisted of the amplified galactanase gene, H-2'), 5.20 (dd,J;3 10.2 Hz, H-2), 5.00 (ddJ>z 10.3 Hz,
which was cloned initially intdNcd/EcdRl-restricted pMTL23 H-3), 4.94 (ddJ3 4 3.1 Hz H-3), 4.38 (ddJs 6a4.5 HZ,Jsa.6p
and was then excised from the resultant plasmid on a 1.1 kb12.1 Hz, H-6a), 4.18 (ddls e, 7.1 Hz, H-6b), 4.14 (ddJs5
EcdRI/Hindlll restriction fragment and inserted into M13mp19. 1.0 Hz, H-4), 4.08 (m, 2H, H-8and H-6b), 3.85 (bt, 2H,
Galactanase Purification. Native and mutants of the H-5and H-5), 2.19, 2.15, 2.12, 2.11, 2.07, 2.05, 2.03, 2.00
Pseudomonagyalactanase were expressed as thioredoxin (8 xs,8 _X_AC)-
fusion proteins that contained a (Hi$ag at the N-terminus. 2",4"-Dinitrophenyl 2,3,6,23,4,6 -hepta-O-acetyp-ga-
The proteins were therefore purified by nickel affinity lactobioside. To remove the acetate group at carbon one, a
chromatography using the following method. Cultures (2.4 Mixture of hydrazine hydrate (2L, 570umol) and acetic
L) of appropriate recombinant strainsBf coli BL21 plyss ~ acid (33uL, 580umol) in N,N-dimethylformamide (0.5 mL)
were grown as described above. Thecolicells were then ~ Was added to a solution of the above octaacetate (0.27 g,

pelleted, resuspended in 90 mL of 20 mM Tris-HCI buffer, 400 #mol). After incubating at 2C°C for 40 min, ethyl
pH 8.0, containing 100 mM NaCl (buffer A), and disrupted 2acetate (10 mL) was then added, and the mixture was washed

by sonication, and the insoluble material was pelleted by twice with dilute HCI and then twice with N&€O; and dried
centrifugation at 300afor 30 min. The cell-free extract ~ OVer MgSQ. Filtration and evaporation of the solvent gave
generated was then applied to a 8010 mm Talon resin ~ 2.3.6,2,3,4,6-heptaO-acetylgalactobiose as a chromato-
column (Novogen) equilibrated with buffer A. Once the 9raphically homogenous syrup (0.23 g, 3d@ol, 90%). A
bacterial proteins had been applied, the column was washednixture of the heptaacetate (0.19 g, 3@@nol), 1,4-
with 10 vol of buffer A containing 10 mM imidazole. The diazabicyclo[2,2,2]octane (0.11 g, 1 mol), and 4-A molecular
galactanase fusion protein was then eluted with 30 mL of Sieves (1 g) in 2 mL of,N-dimethylformamide was stirred
buffer A containing 15 mM imidazole. The GalA fusion &t 20°C for 1 h and, after the addition of 77 mg (3,
protein eluted from the column was then cleaved with _410ymo|) of 1-fluoro-2,4-dinitrobenzene, the mixture was
thrombin using the following conditions: three units of incubated for 16 h at the same temperature. Ethyl acetate
thrombin (Novogen) were incubated with three mg of the (20 mL) was then added, and the mixture was filtered to
fusion protein for 16 h in 20 mM Tris-HCI buffer, pH 8.0, remove the molecular sieves. The filtrate was washed twice
containing 150 mM NaCl and 2.5 mM CaCht 21 °C. with dilute HCI, a dilute solution of N&CO; and then dried
Under these conditions, the fusion protein was completely ©Ver MgSQ. Filtration and evaporation left a residue (0.2
digested into GalA and thioredoxin, respectively. The g) that was chromatographed on silica and eluted with light
cleaved protein was then reapplied to the Talon resin column. Pétroleum-ethyl acetate (2:3) to give first a high running
GalA was recovered in the void volume while thioredoxin, impurity and then the title compound, which was obtained
which still contains the (Hig)tag, was bound to the matrix. s @ gum (0.16 g, 20@mol, 66%) fu]p +39° (CH.Cly); *H-
Recovered GalA was dialyzed agains&31000 vol of 10 ~ NMR (CDCl): 6 8.61 (d,J3 5 2.7 Hz, H-2), 8.41 (dd,
mM Tris-HCI buffer, pH 8.0. The purified galactanase was J5's' 9-3 Hz, H-8)), 7.56 (d, H-6), 5.41 (dd,J:» 8.1 Hz,

homogenous, as judged by SDS/PAGE. J213 10.1 Hz, H-Z), 5.34 (bd]s”4’ 3.0 HZ,\]4',5' ca.1Hz, H-4),

5.21 (dd,Jy» 7.9 Hz, x5 10.6 Hz, H-2), 5.12 (d, H-1),
Synthesis of'24"-Dintrophenylf-galactobioside 4.97 (dd, H-3), 4.95 (dd,Js4 2.7 Hz, H-3), 4.40 (d, H-),
(2,4_DNPQ) 4.36 (dd,J5‘6a4.1 HZ,JGa,Bb 12.2 HZ, H-6a), 4.28 (dd]sy@b

7.4 Hz, H-6b), 4.18 (bd)ss ca. 1 Hz, H-4), 4.08 (ddJs 64

1,2,3,6,23,4,6-Octa-O-acetylgalactobioseGalactan (2 6.8 Hz,Js46t 11.3 Hz, H-69), 4.05 (dd Js 61y 6.3 Hz, H-6b),
g) was dissolved in 20 mL of 300 mM HCI and incubated 3.89 (bdd, H-5), 3.83 (bt, H‘h

at 100°C for 2 h. The solution was passed through Dowex-  2",4"-Dinitrophenyl{3-galactobioside. A solution of the

1-AcO~ and evaporated to a syrup. Acetic acid (20 mL) above glycoside heptaacetate (80 mg, 46®l) in 0.5 mL
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GAGCCTTACAAAACCTATGGACTGGAGTCCAATAACCCGGCCCATATCAACCGATATGAG

=100
GGAGTTCGGGACGCGCTACAGTGTAGGTATCAACTGGAAGCTGTAAAACATTTCTGTCCC

GTTGTGTTTTGGCGGCTGCTTCGGCAGCCGCGTTTTTTTGCGGCAATGACTTATAACAAG

+1
AACACACCAAAGAGAAGTGAAATGAAAAAAAAGATTCTAGCGGCAACCGCCATTCTGCTG
M K K K I L A A TATI L L

200
GCTGCTATTGCCAATACCGGTGTGGCTGATAATACGCCATTCTATGTGGGCGCCGACCTT
A A I A NT G V A DNTUPF Y V G A D L

TCCTATGTGAATGAAATGGAAAGCTGCGGAGCCACCTACCGCGACCAGGGTAAAAAAGTA
S ¥ V. N EM E S C G A T Y R D Q G K K V

300
GACCCCTTCCAACTGTTTGCCGATAAAGGCGCCGACCTGGTGCGTGTCCGCCTCTGGCAT
D P F Q L F A DK G AUDULV RV RULWH

AACGCTACCTGGACAAAATATTCAGACCTGAAAGATGTGAGCAAAACGCTCAAGCGCGCA
N A T W T K ¥ s DL K DV S KTTUL KR A

400
AAAAATGCCGGAATGAAAACCCTGCTGGATTTCCATTATTCCGACACCTGGACCGATCCC
K N A GM K T L L DF H Y S DTWTTD P

500
GAAAAACAATTTATTCCCAAGGCCTGGGCCCATATTACCGACACCAAAGAGCTGGCCAAA
E K Q F I P K A WA HTI TDTTIKEUL A K

GCACTCTACGACTACACCACCGACACCCTGGCCAGCCTCGACCAACAACAGCTGTTACCC
AL ¥ DY TS TTDTTULASUL D OQQ QL L P

600
AACCTGGTACAAGTCGGCAACGARAACCAATATTGAAATCCTGCAGGCGGAAGACACGCTG
N L V. Q V G N E TN I EIL Q A EDTL

GTACATGGCATTCCCAATTGGCAGCGCAATGCCACACTGCTTAACAGTGGTGTCAACGCT
V H G I P N W QU RNATULULN S G V N A

700
GTGCGCGATTACAGTAAAAAAACCGGCAAGCCCATCCAGGTGGTACTGCATATCGCCCAG
V R D Y 8 K K T G K P I Q V V L HI A Q

800
CCGGAAAATGCCCTCTGGTGGTTTAAACAAGCCAAGGAAAATGGCGTTATTGACTATGAT
P ENA L WWF K Q A K ENGV I D Y D

GTAATCGGCCTTTCCTACTATCCGCAGTGGTCTGAATACAGCTTGCCACAATTGCCCGAT
v lI L S Y Y P Q W S E Y S L P Q L P D

900
GCCATTGCCGAATTACAAAATACCTATCACAAACCGGTCATGATTGTGGAGACGGCTTAT
A I A EL Q NT Y HK P V M I V ETAY

CCCTGGACACTGCACAACTTCGACCAGGCCGGTAATGTGTTGGGTGAAAAGGCGGTACAA
P W T L HN F D Q A G N V L G E K A V Q

1000
CCCGAATTTCCCGCCAGCCCGCGCGGACAATTAACCTATTTGCTCACCCTGACACAATTG
P E F P A S P R G QL T Y L L TLTOQUL
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1100
GTCAAAAGCGCTGGTGGCATGGGAGTGATTTACTGGGAACCCGCCTGGGTCAGCACCCGC
V K s A G GM G V I ¥ W EUP AWV S T R

TGCCGCACCCTCTGGGGTAAGGGATCACACTGGGAAAACGCCAGTTTCTTCGACGCTACG
C R T L W G K G S HW ENA S F F D AT

1200
CGCAAAAATAATGCACTGCCTGCGTTCCTGTTTTTTAAAGCAGACTATCAGGCAAGCGCA
R K NN AL P A F L F F KA DY Q A S A

CAAGCCGAATAAATGTATCACGACAAGATTTATCACTTTGACCAGCAGAAATAGAAGAGAG
Q A E

1300
TGCCCATGATGAAACACCTCCAATCATTAAAAACCTTGCCCGCGCTGGCG

Ficure 2: Nucleotide sequence ghlA and the deduced primary structure of GalA. The nucleotide sequemzd/oéppears in the EMBL
database under the accession number X91885.

of CH,Cl, was added to a solution of HCI (from 0.04 mL of were removed and boiled for 5 min, and the oligosaccharides
acetyl chloride) in 1 mL of MeOH and left for 48 h at 20 present were determined by HPLC as described previously
°C. Ether (1 mL) was added dropwise to the solution when (26) except that the sodium acetate gradient waS@mM.
crystallization of the product occurred. This was filtered off Protein concentration2f) and xylanase activity8) were
and washed with MeOHCH,Cl,—ether (1:1:1) to give the  measured as described previously.
galactobioside (30 mg, 6@mol, 60%), mp 164°C (dec), Zymogram AnalysisSamples for zymogram analysis were
[a]p —56° (H20), *tH-NMR (D,0) (partial): 6 8.88 (d,Jz" 5 subjected to SDS/PAGE essentially as described by ref 28.
2.7 Hz, H-3'), 8.52 (dd, 4 ¢' 9.3 Hz, H-5"), 7.66 (d, H-6), Fractionated proteins were renatured by incubating the SDS/
5.40 (d,J 8.0 Hz, H-1), 4.62 (dJ 7.9 Hz, H-1); 13C-NMR PAGE gel for 30 min in a 1% (w/v) aqueous solution of
(D20): 0 155.5,142.6, 140.1, 131.0, 123.4, and 118.8 (ArC), Triton X-100 and washing once with distilled water and a
105.4 and 101.7 (C-1'1 77.8, 76.3 (2C), 74.0 (2C), 72.6, further five times for 15 min, each wash with 10 mM sodium
71.1, and 69.8 (C-2,3,3,4,4,5,5),61.8 and 61.5 (C-6'% phosphate buffer, pH 6.6. The gel was then laid onto an
Enzyme and Protein Assay$he sources of the substrates agar replica containing 10 mg/mL potato galactan and 15
used in this study were as follows: AZCL-galactan, Azo- mg/mL agar in distilled water, covered with cling film to
galactan, lupin galactan, and potato galactan were purchasegrevent drying out, and incubated at 3Z for 16 h. The
from Megazyme Ltd. Except for 2,4-DNRBGwhich was agar replica was then stained with Congo Red (1%, w/v)
prepared as described above, all arylglycosides were obtainednd destained wit 1 M NaCl. The SDS/PAGE gel was
from Sigma Chemical Co. Unless otherwise stated, enzymestained with Coomassie Blue.
assays were carried out in 50 mM sodium phosphate buffer, Stereochemical Course of 2,4-DNP&ydrolysis. The!H-
pH 7.0. When measuring the hydrolysis of 2,4-DNPtBe NMR spectra were recorded at 200 MHz using a Bruker
accumulation of the product, 2,4-dinitrophenol (2,4-DNP), Spectrospin WM 300 spectrometer. Chemical shifts are
was monitored at 400 nm using an extinction coefficient of given in parts per million (ppm) relative to acetone (2.20
10356 Mt cmt. The hydrolysis of the other arylglycosides ppm). All samples were then redissolved in 0.5 mL €D
was measured as described previoud@).( Galactanase to a final concentration of 35 mM (1Zmol in total) in a
activity using lupin or potato galactan was monitored by 5-mm NMR tube. After the accumulation of the initial
measuring the release of reducing sugzs).( The initial spectra of the three sugars (galactose, galactobiose, and 2,4-
velocity of enzyme reactions was determined over not more DNPG,), the galactanase (10 units), which had been lyoph-
than the first 10% of the total reaction. Enzymic hydrolysis ilized and redissolved in f, was added to the NMR tube
of Azo-galactan was monitored by measuring the release ofcontaining 2,4-DNP& which was then placed in the
ethanol-soluble dyed galactooligosaccharides. In this assayspectrometer probe; spectra were recorded at regular time
the galactanase was incubated with 0.5% of the dyedintervals.
substrate in a reaction volume of 500 for 10 min, after Biophysical MeasurementsCircular dichroism (CD)
which time 2 vol of 99% ethanol (v/v) was added, the spectra of native and mutant forms of the galactanase were
precipitated polysaccharide was removed by centrifugation, recorded at 20C using a Jobin-Yvon CD6 spectrometer
and theAsq Of the supernatant was measured. Pre-steady-using a 0.2-mm path length cuvette. Meaavalues were
state kinetics, using 2,4-DNRGas the substrate, were calculated using the predicted protein sequences and con-
performed using a stopped-flow apparatus (Applied Photo- centrations derived from absorption measurements at 280 nm
physics Model SX-17MV) essentially as described by Bolam on a Cary 4E absorption spectrometer.
et al. 3). To identify the products released from galactan = HCA. HCA plots were produced, manipulated, and
by the galactanase, the following reaction was carried out: analyzed as described by Henrissat et 4. (
a 0.2% solution of potato galactan in 50 mM sodium
phosphate buffer, pH 7.0, was incubated at°87with 2 RESULTS
units of purified galactanase in a total volume of 2 mL for  P. fluorescens Hydrolyz¢H ,4-Galactan. Previous studies
up to 240 min. At regular time intervals aliquots (20) have shown thaP. fluorescensubsp.cellulosais capable
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of degrading a range of plant structural polysaccharidgs ( 1 2 3
16, 20, 29). To evaluate whether the bacterium has the

capacity to hydrolyzgf1,4-galactan, the pseudomonad was kDa

grown on solid medium containing AZCL-galactan. After 205 p s

16 h at 37°C small colonies, surrounded by blue halos, were 116F

clearly visible, indicating that the bacterium was capable of QF p s
degrading3l,4-galactan. To investigate whether the galac-

tanase-degrading enzyme(s) were constitutive or inducible, 66>

P. fluorescensubspcellulosawas grown in liquid medium
containing different carbon sources. Galactanase activity was

induced by either galactose or galactan, but not by the other 4a5»
major plant structural polysaccharides. Glucose repressed
the expression of galactanase activity (data not shown). When
the pseudomonad was cultured in medium containing ga- 20

lactan, in excess of 90% of total galactanase activity was in
the culture supernatant (data not shown), indicating that

galactan-degrading enzymes were primarily eXtraceHUIar' FIGURE 3: Zymogram analysis of GalA. Cell free extract fram

P. fluorescens subgp. cel!ulosa Expresses a Single endo—COIi harbori%g prGl Wasysubjected to zymogram analysis as
p1,4-Galactanase.To investigate the number 6. fluore- described in Materials and Methods. Protein size markers (kDa)
scenssubspcellulosagenes that encode galactanase activity, and cell-free extract proteins are shown in lanes 1 and 2,
a genomic library of th®seudomonaBNA, constructed in respe_ctively, after Coomassie Blue stain_ing. G_alactanase activity
AZAPII, was screened for galactanase-expressing recombi-contained in the cell-free extract is depicted in the Congo Red

. stained agar replica (lane 3).

nants. From the 40000 phage analyzed, 12 displayed
significant galactanase activity. THeseudomonadsert
from one of the recombinant phage was excised into according to the rules of Perlman and Halvors8)( is
pBluescript SK to generate pBG1E. coli cells containing between A22 and D23. The deducktl of mature GalA
pBG1 expressed a functional galactanase defined as galacf40 500) is similar to the size of the recombinant galactanase
tanase A (GalA). The restriction map of tRseudomonas  expressed b¥. coli cells harboring pBG1 (Figure 3). The
insert in pBG1 is displayed in Figure 1. To locate the primary structure of GalA did not reveal hydroxy amino acid-
approximate position of the galactanase gene in pBG1, or glycine-rich linker sequences typical of modular plant cell
various regions of the plasmid were subcloned into other wall hydrolases. In addition, GalA did not contain sequences
vectors, and the retention of the galactanase-positive phe-that exhibited identity with the cellulose binding domains
notype was evaluated. The data showed that the GalA genepresent inPseudomonasellulases and xylanases, which is

designatedjalA, was located between ti&al and EcarV consistent with the observation that the galactanase did not
restriction sites at positions 3.0 and 5.1, respectively. bind to insoluble forms of cellulose or xylan (data not
To investigate whethegalA was a single copy gen®, shown). Truncated derivatives of GalA lacking either 35

fluorescenssubsp.cellulosagenomic DNA was subjected  or 45 residues from the N- and C-terminus, respectively, were
to Southern hybridization, usingalA as the probe. The catalytically inactive. Collectively, these data indicate that
probe hybridized to a single 17 Kal restriction fragment  the galactanase is a non-modular protein consisting of a
and two EcaRV (6.0 and 1.5 kb) andSal restriction single catalytic domain.
fragments (6.0 and 3.5 kb), indicating tly@lA was a single Comparison of the deduced primary structure of GalA with
copy gene. Plaque hybridization experiments indicated thatsequences in the SWISSPROT database showed that the
the other 11 galactanase-positive phage isolated from theprotein exhibited 30% and 35% homology, respectively, with
Pseudomonagenomic library also containeghlA. These the Aspergillus aculeatusndof1,4-galactanase and an ORF
data indicate thaP. fluorescensubsp.cellulosacontains a from Bacillus circulans of unknown function (Figure 4).
single galactanase gene. Using the classification of Henrissat and Bairo8h)( GalA
Primary Structure of GalA.To determine the nucleotide appears to belong to glycosyl hydrolase family 53.
sequence ofjalA and the primary structure of GalA, the Hyperexpression and Characterization of Galfhe level
Pseudomonammsert in pBG1 was sequenced in both strands. of GalA expression irkE. coli cells containing pBG1 was
The data (Figure 2) revealed a single open reading framevery low. To increase the synthesis of the enzyme in the
(ORF) of 1131 bp encoding a protein bf, 42 130. The enteric bacteriumgalA was initially cloned into the expres-
ORF had a Gt C content of 51.4% and a codon utilization sion vector pET16b to generate pBG2. Althouglcolicells
that was similar to othd?. fluorescensubspcellulosagenes harboring pBG2 expressed high levels of the galactanase,
encoding plant cell wall hydrolases. Several lines of the enzyme formed inclusion bodies from which the active
evidence indicated that the ORF constitutgalA;, 7 bp enzyme could not easily be recovered (data not shown). In
upstream of the putative initiation codon is the sequence an alternative strategygalA was cloned into pET32a to
AGAGA, which is similar to prokaryotic ribosome binding generate the plasmid pBG3 that contains a hybrid gene
sequences. The deduced N-terminal sequence of GalAencoding a thioredoxin-GalA fusion protein. The rationale
displayed many of the features typical of a bacterial signal for this approach is that thioredoxin, when linked to other
peptide; the N-terminal four residues, which consisted of a polypeptides, appears to prevent the formation of inclusion
basic hydrophilic region, were followed by an 18 amino acid bodies by a mechanism that remains to be elucidated.
sequence that consisted primarily of small hydrophobic coli cells harboring pBG3 expressed significant quantities
residues. The predicted cleavage site of the signal peptide of soluble and catalytically activity thioredoxin-GalA fusion
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PiGalA GADLSYVNEM s clala 7]y R D|a -]a|k k v PFQFADKGADLVIRV Liw[a|n]a T Ww T
AaGal gaoft]sls t oL t|e]o eflefvfs v]ik 8 L]n @ a|T o aAfL|e|T]i|u A D]ajs]i|N]s|1 mRla|r]v]w|v|n P|s D|a] 7
BcORF GMDVSFMDEI a Hlalels v r o]e|n 6 o]a efo ][ L L]k m e ofa n|ali m|ulR]i {w|n o]R|v - |a] w

PIGalA KVSDLKDVSKTLlKRAKNAGMKTLLDFHYSDTWlTIDPEKQ 1lp x A wla v |T DT 128
AaGal SY-DLDYNLELAKRVKAAGMSLYLDHSDTWADPSDQTTP w s T{T ofr 119
BcORF GFCNILERTVAVAKRVKEHGLHFLLDFHYSDRWADPANQ K|P K A WIE K L § - Y 106

PfGalA KELAKALYMYTTFTUASDQQQLILPINLVQVGNETNIEITL(E_A DT LV - - - - 174
AaGal G?LKWQLVNYTLEVCNTFAENlDlEllSlG E I |R AlGlt|L w|p L{G]E T s - - - 166
BcORF E|E L]Ja R VCNYTAI-D—VT-IRTLKEH AfL PJD Mjv a V G N E I|T P|G|M|L WID]E G]R V G E EH 5
PfGalA HGIPNEQENETLLNSGVNAVR YsEIKTGKplQVVLI?_lvAoPENAL--ww K 22
AaGal - - - - - YSNIGALLHSGAWGVK~ S NLATTP{KI IHILDDGWSWDQQNYNW
BcORF DTDEQEEEFEG_LJTKTI&IAAV'--- S vDSE|t KI Mi HI DIR|G|G D N AE S RK 202

<

PfGalA Q A K - - - - NGVIDYDVIGLSYYPQWSE-YSLPQLPED]AIAELQNTV
AaGal ETVLATG LLSTDFDYFGS YPFYSASATLASKTSLANLQSTY
BcORF p R F - - - - AGVEFD!IGLS YP-WWIH-GTL‘DALRENLHDLAEHY
PfGalA IVETAYPWTLHNFEQAGNVG-EKAVQ EFPASPRGQLTYLLTLTELVK- 315
AaGal [\TIVET@P---VSCPNPAYAFPSD---LSSIPESlT'AGQQEFLEKLAAVE- 302
BcORF VVETAYPWTL:EQPEGHEWINQEELLLPGYPASVEGQTRYLKDLLEIVRE 26

PIGalA --SAGEMGVI!IYWEPAWIVSTRCRTLWEKGSHMEEAS ATRENNAPA 362

AaGal - AT TOD LG VY Y WEUP AWI|GNAGL G S CAD LMV DY|T|]TDEVYESI ET|L|]GEL
BeORF [de[]e [rlufeo]- - ¢[] [£]
VPGGL N G LTM F G a K|L|a s 3

Ficure 4: Alignment of PseudomonasalA (PsGalA),A. cwatus galactanase (AcGalA), and Bacillus ORF (BcORF) of unknown

function. Amino acids that are conserved in the three sequences are boxed, and the position of the amino acids, at the end of the lines, in
the respective primary sequence is indicated. The SWISS-PROT accession numberagbetgllusand Bacillus and Pseudomonas
sequences are P48842, P48843, and P48841, respectively.
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protein, which was then purified by metal ion affinity
chromatography. GalA was released from the fusion protein
by treatment with thrombin and purified by removal of the
released thioredoxin polypeptide using the metal ion affinity
matrix. Figure 5 demonstrates that the galactanase was
purified to apparent homogeneity, as judged by SDS/PAGE.

Analysis of the substrate specificity of GalA showed that -
the enzyme hydrolyzed both lupin and potAt4-galactan
at similar rates, Azo- and AZCL-galactan, but displayed no
catalytic activity against the other plant structural polysac-
charides tested, which included mannan, cellulose, xylan, and
arabinan (data not shown). Although the enzyme cleaved
2,4-DNPG, it did not attack 4-nitropheny$-galactoside,
xylopyranoside, glucopyranoside, or cellobioside (data not
shown). To investigate the mode of action of GalA, the
enzyme was incubated with lupin galactan, and the products
generated were analyzed by HPLC. Initially a mixture of
oligosaccharides were released, but as the reaction proceeded
the oligosaccharides became progressively smaller. At the
end of the reaction, galactose, galactobiose, and galactotriose
were the major products (Figure 6). The release of a mixture
of oligosaccahrides by GalA is consistent with a predomi-
nantly endo-mode of action. 2 2 3 4

The sensitivity of plant cell wall hydrolases to extremes
of pH and temperature varies depending on their microbial FIGURE 5: SDS/PAGE of purified GalA. SDS/PAGE of cell-free
origin. To investigate these properties of GalA, the activity extract derived fronE. coli harboring pBG3 (lane 1) the thiore-

f oxin-GalA fusion protein purified by Talon affinity chromatog-
of the enzyme at different temperatures and pH was assesse aphy (lane 2), the fusion protein cleaved with thrombin (lane 3),

The data (Figure 7) showed that the enzyme had pH andand GalA purified from thioredoxin by rechromatographing on the
temperature optima of 7.5 and 8Q, respectively. These Talon column (lane 4).
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Ficure 6: HPLC analysis of the products generated from galactan
by GalA. Galactan was incubated with GalA for 0 (a), 5 (b), 15 0
(c), and 240 min (d) as described in Materials and Methods, and ! ' ' ! ' '
the oligosaccharides generated were analyzed by HPLC. The elution 4 5 6 7 8 9 10
time of galactose (1), galactobiose (2), galactotriose (3), galac- H
totetraose (4), and galactopentaose (5) are indicated. P

Ficure 7: Temperature and pH activity profiles of GalA. The

. . L activity of GalA at different temperatures (panel A) and pH (panel
parameters are consistent with the growth characteristics ofg) were determined using potato galactan as the substrate. In both

P. fluorescensubsp.cellulosa a mesophilic bacterium that  experiments, GalA was assayed directly at the pH values and
displays maximum growth rate at neutral pH. temperatures stated for up to 5 min.

Recent studies have shown that many plant cell wall
hydrolases exhibit remarkable resistance to proteolytic attackclearly showed that GalA was sensitive to proteinase
(32, 33). To evaluate whether GalA exhibited this property, inactivation; there was no reduction in xylanase activity over
the galactanase and a proteinase-resistant fungal xylanasthe 1-h hour incubation period, while GalA lost 50% of its
(xylanase A fromNeocallimastix patriciarum 34) were activity after 7 min (data not shown).
incubated with trypsin, and the loss of catalytic activity of ~ Stereochemical Course of 2,4-DNPGlydrolysis. To
the respective enzymes was monitored with time. The datainvestigate the catalytic mechanism of GalA, the purified
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Ficure 8: H-NMR analysis of 2,4-DNPghydrolysis by GalA.
1H-NMR spectra of 2,4-DNPg galactobiose, and galactose are
displayed in panels 1, 2, and 3, respectively. THNMR spectrum

of 2,4-DNPG incubated with GalA for 2 min (panel 4), 30 min C
(panel 5), 240 min (panel 6), and 48 h (panel 7) are shown. The
H-15 (a) and H-13 (b) signals of 2,4-DNP& the H-1u (c), H-18

(d), and H-15 (e) signals of galactobiose; and the H-{f) and

H-153 (g) signals of galactose are indicated. The signad 4t8,

present in each NMR spectrum, is residual HOD.

FiGurRe 9: HCA comparison of GalA with other members of clan
Table 1: 'H-NMR of Galactose, Galactobiose, and 2,4-DNPG GH-A. Partial HCA plots of (A) galactanase Bf fluorescensubsp.
- - - cellulosg (B) p-glycanase Cex ofCellulomonas fimiand (C)
chemical shifts (ppm) and coupling constants (Hz)  g_galactosidase Z oE. coli. The catalytic residues have been

compound H- H-18 H-18 cirt(:jleql. hThe ac.ieﬁbe}se and nuclgoplrlili(:\/resjdulez appga:_on the Iﬁft
and right partial plots, respectively. Vertical bars delineate the
2"]"Dt'\“;.q 524 (3.6 5'105(;?)8 4'325(77'?5 boundaries of thg-strands carrying each catalytic residue. Proline
galacto lose 5'23 (3'5) 4'55 (7'8) S57(7.5) (%), glycine @), serine @), and threonine({) are represented
galactose 23 (3.5) 55 (7.8) respectively by the symbols to facilitate visual inspection of the

a Chemical shifts and coupling constants (in parentheses) for the plots.
anomeric hydrogen doublet signals in th&-NMR spectra of 2,4-
DNPG; and thea. and s anomers of galactobiose and galactose.

signals in the 240-min spectrum showed that the ratio of the

enzyme was incubated with 2,4-DNP@ DO, and the &/ forms of galactose and galactobiose was 0.7:6.7.
stereochemical course of the reaction was monitoretHoy ~ Eventually, after 2 days, the NMR spectrum of the reaction
NMR. The data, presented in Figure 8 and Table 1, show révealed only the doublets correponding todhendj; forms

the chemical shifts and coupling constants of thefHand ~ Of galactose. Integration of the Hxland H15 signals of
H-1a signals of galactose and galactobiose, thedignal galactose in the 2-day spectrum showed that the ratio of the
of 2,4-DNPG, and the H-18 signals of galactobiose and @ and forms of the sugar was 1.1:2.6. The NMR spectrum
2,4-DNPG. The ratios of thex: signals of H-1 (3:5) were  Of 2,4-DNPG, incubated in the absence of GalA for 2 days,
identical for galactose and galactobiose. To initiate the indicated that molecule was not hydrolyzed in the absence
reaction, 10 unit of GalA was added to 1 7ol of 2,4- of GalA (data not shown). These sequence of events clearly
DNPG; in 0.5 mL of D,O in a 5-mm NMR tube at 23C. demonstrate the rapid enzyme cleavage of 2,4-DNB@e
Within 2 min of the start of the reaction, the glycosidic bond # form of galactobiose, which is then slowly cleaved to the
between 2,4-DNP and galactobiose had been completely’ form of galactose. The much slower appearance otthe
cleaved, as evidenced by the loss of the signal at 5.40 ppm.forms of galactobiose and galactose is due to mutarotation
The spectrum of the 2-min reaction revealed several peaksOf the intitally formedp-galactobiose anfi-galactose.

in the region of 4.554.59 ppm, which corresponded to HCA and the Identification of Potential Catalytic Residues
H-1'5 and H-13 of galactobiose and HpLof galactose, of GalA. Recently, HCA and X-ray crystallographic data
suggesting that some of the galactobiose generated had beeaf plant cell wall hydrolases have established that several
hydrolyzed tg3-galactose. There was no peak in the region glycosyl hydrolase families have evolved from a common
0 5.23-5.24, corresponding to the Hxlof either galacto- ancestral sequence and constitute a superfamily called clan
biose or galactose, in the 2-min spectrum. After 30 min, GH-A (4, 35). The relatedness of family 53 to clan GH-A
the anomeric doublet &t 4.55 of §-galactose had become was established by HCA, suggesting that GalA, in common
prominent in this region of the spectrum, and there were very with other enzymes in this clan, has@f)s structure. The
small peaks ab 5.24 and 5.23, indicating that trace amounts conserved motifs around the catalytic residues of glycosyl
of the a. forms of galactobiose and galactose were present. hydrolases of clan GH-A were found also to occur in family
At 240 min, the anomeric doublets at 5.24 and 5.23, 53 and allowed the prediction of the two catalytic residues
corresponding to H-d of galactose and galactobiose had of the galactanase, E161 and E270, and their respective
clearly begun to appear. Integration of the Bl-dnd H-1o functions (acid-base or nucleophile, respectively; Figure 9).
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Table 2: Kinetic Parameters of Wild-Type and Mutant Forms >20 Even at the higheSt Concentr?tion of substrate, the
of GalA initial rate of 2,4-DNP release continued throughout the
course of the reaction (10% loss of substrate) when using
wild-type enzyme. In contrast, at each of the substrate

galactan (lupin) Azo-galactan 2,4-DNPG2

a b
enzyme keal Keau Ko K concentrations tested in reactions containing E161A, there
"E‘/ig'&pe %Sch l\?é6 0356 026% . was an initial rapid release of 2,4-DNR,{) which then
. . _ 1 H
E270A ND ND ND d decayed to a slow steady-state ratg 0f 0.07 s, which

was similar to the separately determined steady-&tatior

2 keatis expressed as moles of product produced per mole of enzyme E161A. The ks values were fitted into the following

per second® Ky, was in mM.¢ND, no activity detected! K, could . A - .
not be determined as no activity was detected. equation, which is valid whek; > ks (36):

8 K= ko[S]
* KsH[S]
6 -
al to derive k, and Ks, which were 24 s! and 3.4 mM,
I respectively; the&ks was in reasonable agreement with the
2L Km of the wild-type enzyme. The amplitude of the burst of
AE | 2,4-DNP release with E161A was equivalent to 0.7 mol/
0 mol protein (at substrate and enzyme concentrations of 17
- uM and and 730 nM). The size of the burst doubled when
2r the enzyme concentration was doubled.
4r DISCUSSION
180 200 220 240 260 Data presented in this paper provide the first description
Wavelength / nm of galactan hydrolysis by. fluorescenssubsp.cellulosa

Ficure 10: CD spectra of wild-type and mutant forms of GalA. pr_o_viding further support for the view that the bacte_rium can
Spectra were generated from 281 protein solutions ina 0.2 mm  Utilize a wide range of plant structural polysaccharides. The
path length cell. Scans (10 for each enzyme) were accumulatedgalactanase was induced by galactan, although not by the
between 185 and 250 nm. Each spectrum was corrected bygther major structural polysaccharides, and was subject to
subtraction of a comparable blank. The abscissa is represented iatapjite repression. In contraBseudomonasellulases
units of Ae (M~ cm™1) using the molar concentration of amino | - h cellul | h
acids present. Spectra were not smoothed. and xylanases are induced by both cellulose and xylan. The
differences in the regulation of these enzymes could be a

Site-Directed Mutagenesis of PutagiCatalytic Residues. ~ consequence of the origin of the polysaccharides. Virtually
To investigate whether E161 and E270 are the key catalytic all plant cell walls contain both cellulose and xylan, thus
residues of GalA, site-directed mutagenesis was employedeither polysaccharide could signal the presence of plant cell
to generate E161A and E270A mutants of the galactanaseWwall material and hence act as an inducer of the major
The two derivatives of GalA were purified to homogeneity, microbial plant cell wall polysaccharidases. Galactan,
as judged by SDS/PAGE (data not shown), and the kinetic however, is not present in all plant material and is generally
properties of the enzymes were evaluated. The data (Tabldoosely associated with other plant structural polysaccharides
2) showed that replacing E270 with alanine generated an(11). Itis apparent, therefore, that as galactan is not always
enzyme that was essentially inactive against the highly @ good indicator of the presence of other plant structural
polymeric substrates (galactan and Azo-galactan) and 2,4-polysaccharides, the expression of galactanases is not
DNPG,. In contrast, E161A did display some activity against coordinated with the synthesis of cellulases and xylanases.
the arylg-glycoside, although thie.;:andKy, of the enzyme AlthoughP. fluorescensontains large multigene families
were lower than for native GalA activity against the same encoding cellulases, xylanases, and mannanases, data pre-
substrate. E161A did not display activity against galactan sented in this paper and in a previous stud) (indicate
or Azo-galactan. To assess the influence of the mutationsthat the bacterium has single copy of both a galactanase and
on the gross structure of GalA, E161A and E270A were arabinanase gene. It is possible that this reflects the
subjected to CD spectroscopy. The far-UV CD spectra of accessibility of the respective polysaccharides to enzymic
wild-type and mutant enzymes are shown in Figure 10. The attack. Galactan and arabinan are loosely associated with
data reveal that all the proteins share a similar secondarythe cell wall and are thus more susceptible to enzymic attack.
structure content and that the point mutations do not result However, as cellulose, mannan, and xylan are integral
in significant changes in folding, indicating that E161 and components of the plant cell wall, a repertoire of enzymes
E270 do not play a critical structural role in GalA. Col- that recognize different chemical and physical forms of these
lectively, these data support the view that E161 and E270 molecules may be required to elicit efficient hydrolysis.
constitute the key catalytic residues of the galactanase. All the P. fluorescengellulases and xylanases analyzed

To evaluate whether the decreasekin was due to a  to date are modular enzymes that contain at least one CBD
reduction inks, the rate-limiting step of 2,4-DNPGiydroly- (6—8, 37). We have hypothesized that CBDs facilitate the
sis by E161A and the wild-type enzyme was determined by binding of a range of plant cell wall hydrolases onto the plant
analyzing the pre-steady-state kinetics of this reaction. cell wall, promoting both enzymesubstrate and enzyme
Reaction rates were measured at five substrate concentrationsnzyme interactions that improve the efficiency of catalysis
that were greater than the enzyme concentration by a factor(5). The absence of a CBD in GalA could reflect the loose
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association of galactan with the plant cell wall, making it the wild-type enzyme catalyze the glycosylation reaction at
more accessible to enzymic attack than integral polysaccha-similar rates, the mutant form of GalA catalyzes the
rides such as cellulose and xylan. It is interesting to note deglycosylation step very slowly, while native GalA hydro-
that arabinan, another plant structural polysaccharide that islyzes the glycosytenzyme intermediate more rapidly than
not closely associated with the plant cell wall, is also the glycosylation step; hence, there was no obvious pre-
hydrolyzed by &. fluorescengnzyme, ArbA, that does not  steady-state burst of 2,4-DNP release. The switch in the rate-
contain a CBD 29). limiting step of the reaction from glycosylation with the wild-

It is now widely accepted that the mechanism of bond type enzyme to deglycosylation when using E161A is entirely
cleavage is conserved in enzymes from the same glycosylconsistent with the proposed role for E161 as the-abamke
hydrolase family. Thus, based on the mechanism of action catalyst, as this catalytic residue is only required in the
of GalA, we propose that all enzymes in family 53 cleave deglycosylation step when using a substrate that does not
galactan via a double displacement mechanism. The datarequire protonation of the glycosidic oxygen for initial bond
are also consistent with the assignment of GalA to the GH-A cleavage to occur. It is interesting to note that E161A still
clan, as enzymes in this superfamily also have a double catalyzes deglycosylation, although at a greatly reduced rate.
displacement mode of action. A similar phenomenon has been observed for other retaining

Glycosyl hydrolases cleave glycosidic bonds by a general glycosyl hydrolases in which the aeithase residue has been
acid—base mechanism that is mediated by two carboxylic mutated 23, 38). Presumably, this reflects the contribution
acid residues, one functioning as the nucleophile and themade by other active site residues in catalyzing deglycosy-
other as the acidbase. HCA predictions and site-directed lation.
mutagenesis studies indicate that E161 and E270 constituted To conclude, this paper provides the first report of the
the key catalytic residues of GalA. To evaluate which of primary structure and catalytic mechanism of a prokaryotic
the two residues functioned as the nucleophile and which galactanase. It is apparent that GalA, which is closely related
was the acig-base, the activity of wild-type and mutant to a fungal galactanase, catalyzes glycosidic bond cleavage
forms of GalA against the substrate 2,4-DNR@s studied.  via a double displacement mechanism, and HCA predicts
In a retaining glycosyl hydrolase, the nucleophilic residue that the enzyme belongs to the GH-A clan aff)s barrel
attacks the anomeric carbon of the substriteférming an glycosyl hydrolases in which E161 and E270 are the-acid
glycosytenzyme intermediate. If the nucleophile has been base and nucleophile catalytic residues, respectively. Kinetic
inactivated via mutagenesis, then no hydrolysis of the analysis of derivatives of GalA in which E161 and E270
substrate would be observed, even when using 2,4-DINPG have been mutated provide further support for their predicted
which has a good leaving groupKpof 2,4-DNP is 3.96). role in catalysis. Although kinetic data alone do not
Thus, the lack of activity of E270A against either galactan distinguish between the pivotal catalytic residues and those
or 2,4-DNPG is consistent with the nucleophilic role of E270 amino acids that play an important role in the function of
in catalysis. In glycosidases that exhibit a double displace- the catalytic residues, the assignment of E161 and E270 as
ment mechanism, the acithase residue protonates the the acid-base and nucleophilic catalysts, respectively, is
glycosidic oxygen promoting bond cleavage and catalyzes supported by HCA of the enzyme.
hydrolysis of the glycosytenzyme intermediate by abstract-
ing a proton from water. Removal of the aciase residue
would decrease the deglycosylation ratg 6f the enzyme
against 2,4-DNPg resulting in the accumulation of the
glycosyt-enzyme intermediate and a decrease irkth€38).
Against substrates with poor leaving groups, the atidse
mutant would be unable to catalyze the initial bond cleavage,
as no protonation of the glycosidic oxygen would occur. The
substantial reduction OK”.‘ r_;md Kear OF E161A ag_ainst 2,4- B., Pedersen, S., Eds.) pp-9712, Elsevier, Amsterdam, The
DNPG,; and the lack of activity of the mutant against galactan Netherlands.
are entirely consistent with the proposed role of E161 asthe 2. McCarter, J. D., and Withers, S. G. (19®rr. Opin. Struct.
acid—base catalyst. Biol. 4, 885-892.

Further support for the role of E161 as the aclmhse i- nenfissa:, E-, ?:mfl Ek))aVi?Sf GF- (k1)9953fU§thLe ﬁ85g—8'\5/|9-

H H P P P . Henrissat, b., Callepaut, |., Fabrega, S>., Lenn, ., Mornon,
residue was obtained by studying the pre-steady-state kinetics 3.-P., and Davies, G. (1998yoc. Na?l. Acad. Sci. U.S.A. 92
of 2,4-DNPG hydrolysis by E161A. The pre-steady-state 7090-7094.
burst of 2,4-DNP release, observed in reactions catalyzed s5_gerreira, L. M. A., Wood, T. M., Williamson, G., Faulds, C.,
by E161A, was not evident when using wild-type GalA. Hazlewood, G. P., Black, G. W., and Gilbert, H. J. (1993)
Although it is formerly possible that the wild-type enzyme Biochem. J. 294349-355.
does generate a pre-steady-state burst of 2,4-DNP release, 6. Millward-Sadler, S. J., Davidson, K., Hazlewood, G. P., Black,

which is too rapid for the stopped-flow apparatus to detect, Sl'ZV\g’gﬂlgert’ H. J., and Clarke, J. H. (199BJochem. J.

this event is very unlikely for the following reasons: (i) the 7 Gilpert, H. J., Hall, J., Hazlewood, G. P., and Ferreira, L. M.
Km of the reaction catalyzed by native GalA is relatively A. (1990) Mol. Microbiol. 4, 759-767.

high (mM range), indicating that a glycosy¢nzyme inter- 8. Kellett, L. E., Poole, D. M., Ferreira, L. M. A., Durrant, A.
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