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Agarases are generally classified into glycoside hydrolase
families 16, 50, and 86 and are found to degrade agarose to fre-
quently generate neoagarobiose, neoagarotetraose, or neoaga-
rohexaose as the main products. In this study we have cloned a
novel endo-type [-agarase gene, agaB, from marine
Pseudoalteromonas sp. CY24. The novel agarase encoded by
agaB gene has no significant sequence similarity with any
known proteins including all glycoside hydrolases. It degrades
agarose to generate neoagarooctaose and neoagarodecaose as
the main end products. Based on the analyses of enzymatic
kinetics and degradation patterns of different oligosaccharides,
the agarase AgaB appears to have a large substrate binding cleft
that accommodates 12 sugar units, with 8 sugar units toward the
reducing end spanning subsites +1 to +8 and 4 sugar units
toward the non-reducing end spanning subsites —4 to —1, and
enzymatic cleavage taking place between subsites —1 and +1.In
addition, "H NMR analysis shows that this enzyme hydrolyzes
the glycosidic bond with inversion of anomeric configuration, in
contrast to other known agarases that are retaining. Altogether,
AgaB is structurally and functionally different from other
known agarases and appears to represent a new family of glyco-
side hydrolase.

Agar, usually obtained from the species of marine red algae,
Gelidium and Gracilaria, is composed of agarose and agar-
opectin (1). Agarose is a linear polymer of alternatively
arranged 3-O-linked B-p-galactopyranose and 4-O-linked 3,6-
anhydro-a-L-galactopyranose. Agaropectin has the same basic
framework but contains substituent groups such as sulfate,
pyruvate, and methoxyl (2). In agarose, the a(1—4)-linked units
exhibit 3,6-anhydro bridges upon the disorder-order confor-
mational transition that stabilize the molecules into double hel-
ices, leading to the formation of pseudocrystalline fibers made
of aggregates of double-stranded agarose chains (3). Carrag-
eenans, the other category of red algal gel-forming polysaccha-
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rides from Gigartinales and Solieriales, differ from agars in the
p-configuration of the (1—4)-linked galactose residues and in
the density of ester-sulfate substituents per digalactose repeat-
ing unit (one in k-carrageenan, two in t-carrageenan and three
in A-carrageenan). Agarases are glycoside hydrolases (GHs)?
that hydrolyze agarose. They are grouped into o and 3 types
that hydrolyze «-1,3 linkages and 3-1,4 linkages, respectively
(4). Agarases have been isolated from several bacteria genera,
including Cytophaga (5), Pseudomonas (6 —9), Pseudoalteromo-
nas (10), Zobellia (11), Streptomyces (12), Alteromonas (13),
Vibrio (14, 15), Microscilla (16), Microbulbifer (17), and Aero-
monas. Most known agarases are [3-agarases, with the excep-
tion of two a-agarases found from Alteromonas agarlyticus
GJ1B (18, 19) and Thalassomonas sp. JAMB-A33 (20). More
frequently, B-agarases hydrolyze agarose yielding neoagaro-
biose, neoagarotetraose, or neoagarohexaose as the main prod-
ucts (17, 21-23). Agarases have potential applications in the
food, cosmetic, and medical industries for the production of
oligosaccharides from agar or agarose (24, 25). Moreover, aga-
rases can be used to degrade the cell walls of marine algae for
the preparation of protoplasts and for the extraction of labile
substances with biological activities (26).

Glycoside hydrolases are a widespread group of enzymes dis-
playing a great variety of protein folds and substrate specifici-
ties. They function via general acid/base catalysis mediated by
two major mechanisms, either an overall retention or an inver-
sion of anomeric configuration (27). “Retaining” enzymes uti-
lize a double-displacement mechanism involving a covalent
glycosyl-enzyme intermediate, whereas “inverting” enzymes
utilize a single-displacement reaction. In 1991 a classification of
glycoside hydrolase was proposed on the basis of similarities in
sequence (28). A sequence-based family contains glycoside
hydrolases folding in the same pattern and functioning with the
identical mechanism. Furthermore, the evolutionarily, struc-
turally, and mechanistically related families were grouped
together in higher hierarchical level termed “clans” (29). Cur-
rently, more than 100 families and 14 clans have been reported
with details available at CAZy website. The known B-agarases
are grouped into glycoside hydrolase families 16, 50, and 86,
and family GH 16 is the most abundant with the B-agarases.
Members of families GH 50 and 86 in clan GH-A share the same
structure of (B/a)g barrel in which the acid/base and the
nucleophilic residues are located at the COOH-terminal end of

2The abbreviations used are: GH, glycoside hydrolase; FACE, fluorophore-
assisted carbohydrate electrophoresis; kbp, kilobase pair(s); DP, degree of
polymerization.
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strands 3, and 3., respectively (30, 31). Members of family GH
16 in clan GH-B display the general 3-jelly roll topology with
two predominantly parallel or antiparallel B-sheets forming a
long open substrate binding cleft, and two catalytic residues are
located in the cleft (11).

We reported here the cloning, expression, purification, and
characterization of a novel B-agarase AgaB from Pseudoaltero-
monas sp. CY24. We determined also the relationship between
the structure of B-agarase AgaB and its enzymatic activity by
analyzing the enzymatic kinetics and the degradation products
of different unlabeled and labeled oligosaccharide substrates.
Altogether, AgaB is structurally and functionally different from
other known agarases and appears as the first representative of
a novel family of glycoside hydrolases.

EXPERIMENTAL PROCEDURES

Unless otherwise stated, all chemicals used were of analytical
grade or higher. Enzymes were purchased from TaKaRa
(Dalian, China). All DNA manipulations and Escherichia coli
transformations were performed using standard procedures as
described previously (32).

Bacterial Strains, Plasmids, and Culture Conditions—E. coli
DH5a« harboring pBluescript IT KS(+) was cultured at 37 °C in
Luria-Bertani (LB) medium containing 50 ug/ml ampicillin.
E. coli BL21 (DE3) containing pET-24a(+)-agaB was incubated
at 37 °C in LB medium supplemented with 30 ug/ml kanamy-
cin. The agarase-producing bacterial strain was cultured using
an optimal medium consisting of 2.5% NaCl, 0.25% casein, 0.5%
MgSO,-7H,0, 0.1% KCl, 0.02% CaCl,, 0.06% NaH,PO,, 0.002%
FeSO,-7H,0, and 1.5% agar (or 0.1% for liquid medium).

Isolation and Identification of Strain CY24—Strain CY24 was
isolated from seawater collected from the coastal sea areas of
Qingdao, China. Diluted seawater was plated on solid medium
containing agar as the sole carbon source as described above
and incubated at 25 °C for 48 h. Pit or clear zone-forming col-
onies were picked out and purified under the same conditions.
Morphological, physiological, and biochemical characteristics
and 16 S rRNA phylogenetic analysis were used to identify the
isolated strain to genus (33, 34).

Enzyme Activity Assaying—The activity of agarase was
assayed using 3,5-dinitrosalicylic acid method (35). An appro-
priately diluted enzyme solution was incubated at 40 °C in 20
mM sodium phosphate buffer (pH 6.0) containing 1 ml of 0.25%
(w/v) agarose. Ten minutes later 750 ul of 3,5-dinitrosalicylic
acid was added, and reaction mixture was boiled for 10 min
before adding 5 ml of H,O. The absorbance of reducing sugar
was measured at 520 nm and compared with the standard curve
of p-galactose. One unit of enzyme was defined as a 1-umol
increment/min in the reducing end.

Cloning of the agaB Gene—Genomic DNA of strain CY24 was
isolated using Wizard™ Genomic DNA extraction kit (Pro-
mega) following the manufacturer’s instructions. The genomic
DNA was digested with restriction endonuclease Pstl and frac-
tionated through 1.0% agarose gel electrophoresis. The frag-
ments ranging from 5.0 to 12.0 kbp in length were retrieved
using Qiagen gel extraction kit, ligated into pBluescript II
KS(+), and transferred into E. coli DH5a, forming a genomic
DNA library. Clones expressing agarase activity were screened
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out when they functioned to generate clear zones after incuba-
tion at 25 °C for 4872 h. Six agarase-producing clones were
identified in about 8000 transformants that were named pBA1—
pBA6. The inserts of positive clones were subjected to single
and double digestion with various restriction endonucleases
with their physical maps constructed after agarose gel electro-
phoresis. The inserts of positive clones ranged from 6.7 to 10.3
kbp in length and shared a common Pstl fragment of 6.7 kbp.
To localize the boundary of agarase-encoding gene, the 6.7-kbp
Pstl insert of pBA1 was sequenced and submitted to double
digestion with appropriate restriction enzymes resulting in four
independent subclones, namely pBAS1-pBAS4. Subclone
pBAS4 with a 3.2-kbp BamHI-KpnI DNA fragment was found
to possess agarase activity and contain a complete open reading
frame.

Sequence Analysis and Classification of agaB Gene—Se-
quence analysis of agaB gene was performed using PredictPro-
tein software, ExXPASy Server, and SignalP 3.0 Server. Repre-
sentative sequences of each glycoside hydrolase family were
extracted from the Swiss-Prot or GenBank™ sequence data
banks or entered manually from the literature. Some of these
sequences were edited to separate their multiple constitutive
catalytic domains. Sequence comparisons were conducted with
BLAST program and the hydrophobic cluster analysis.

Expression of Recombinant AgaB—The agaB gene, including
its signal sequence, was PCR-amplified from subclone pBAS4
using the sense primer 5'-GGAATTCCATATGTTAAAGCG-
CCACCAAGC-3" and the antisense primer 5'-CCGCTCGAG-
CTATTGGCAAGTATAACCT-3' containing Ndel and Xhol
sites (underlined), respectively. The PCR product was purified
and digested by Ndel and Xhol and cloned into the pET-24a(+)
expression vector linearized with the same restriction enzymes.
The resulting pET-24a-agaB was transformed into E. coli BL21
(DE3) competent cells. The E. coli BL21 (DE3) cells carrying the
agarase gene (pET-24a-agaB) were grown at 37°C in LB
medium containing 30 ug/ml kanamycin sulfate until the cell
density reached 0.5 A,. At this point a final concentration of
0.1 mm isopropylthio-3-galactopyranoside was added. The cul-
tivation was continued further at 25 °C and 250 rpm for 18 —24
h. E. coli BL21 (DE3) bearing pET-24a(+) was used as the neg-
ative control.

Purification of Recombinant AgaB—The purification of
recombinant AgaB was carried out at temperatures below 4 °C.
Cell and medium were separated by centrifugation at 10,000 X
g for 10 min. The supernatant was brought to 60% (w/v) satu-
ration with solid ammonium sulfate and centrifuged again. The
protein in pellet was dissolved at 4 °C overnight, ultra-filtrated,
and desalted. The protein was purified further by loading on a
DEAE-Sepharose Fast Flow column (Amersham Biosciences)
and washing with 20 mm phosphate buffer (pH 6.5) and eluting
with 2 M NaCl in 20 mm phosphate buffer (pH 7.5). The elution
fractions with agarase activity were then subjected to purifica-
tion through a phenyl-Sepharose high performance column
(Amersham Biosciences) equilibrated with 20 mM sodium
phosphate buffer (pH 7.5) containing 2 M NaCl. The column
was washed with equilibration buffer, and the protein was
eluted using 20 mm phosphate buffer (pH 6.5) directly. Finally,
the fractions with agarase activity were loaded on a Superdex75

VOLUME 282+NUMBER 6+FEBRUARY 9, 2007



A Novel 3-Agarase from Pseudoalteromonas sp. CY24

column (30 X 1 ¢cm, Amersham Biosciences) equilibrated ahead
of use, and the enzyme was eluted with 0.2 M NaCl in 20 mm
phosphate buffer (pH 6.5). SDS-PAGE was performed to detect
the purified enzyme as described by Laemmli (36).

Biochemical Characterization of AgaB—The optimum tem-
perature of AgaB was determined by monitoring enzymatic
activity at temperatures ranging from 10 to 60 °C and pH 6.0 for
10 min. The thermostability of AgaB was evaluated by meas-
uring the residual activity of the enzyme after incubation at
different temperature for 1 h. The pH dependence of AgaB was
assayed at 40 °Cin a pH range from 5.7 to 7.0. The effect of pH
on AgaB stability was determined by measuring its residual
activity after incubation at 4 °C and various pH values (4.0 -
10.6) for 1 h. The effects of various metal ions and chelators on
AgaB activity were examined by determining the activity in the
presence of 1 mm of various ions or chelators. In addition, the
substrate speciality of AgaB was detected at 40 °C using 0.25%
agar, agarose, K-carrageenan, t-carrageenan, A-carrageenan,
alginate, and chitosan as the substrates.

Hydrolysis Products Analysis of AgaB—The dynamics of
hydrolysis of agarose (0.25%) with AgaB (0.01 um) at 40 °C was
traced for up to 24 h. An aliquot of hydrolysis product was taken
out at different times and analyzed using fluorophore-assisted
carbohydrate electrophoresis (FACE) (37).

To identify the structure of final hydrolysis products, oligo-
saccharides with different degree of polymerization (DP) were
purified from a hydrolytic mixture of agarose by AgaB. Agarose
was fully hydrolyzed, and the reaction mixture was centrifuged
and concentrated by rotary evaporation. The concentrated
mixture was loaded on a Bio-Gel P6 column (Bio-Rad), equili-
brated ahead of use, and eluted with 0.5 m» NH,HCO,. The
collected fractions were rotary-evaporated repeatedly to elimi-
nate NH,HCO, and dried under a vacuum. For "*C NMR anal-
ysis the purified neoagarooctaose (DP8), neoagarodecaose
(DP10), neoagarododecaose (DP12), and neoagarotetradecaose
(DP14) (10 mg each) were dissolved in 1 ml of 99.9% D,O and
lyophilized. Such operation was repeated three times to replace
all exchangeable protons. The spectra were recoded by a INM-
ECP600 (JEOL) spectrometer, with 2,2-dimethyl-2-silapen-
tane-5-sulfonic acid as the internal standard. A matrix-assisted
laser desorption ionization time-of-flight mass spectrum was
performed on BiflexIII (Bruker Daltonics, Inc., Billerica, MA)
operating in positive-ion mode with 2,5-dihydroxybenzoicacid
as a matrix. All detected oligosaccharide ions were observed as
pseudomolecular ions [M+Na] ™ and [M+K] ™.

Substrate Binding Subsites of AgaB—The kinetic parameters
for oligosaccharides were determined at 25 °C in 20 mM sodium
phosphate buffer (pH 6.0). Substrate concentration was varied
in the range 5—40 mg/ml, and the reaction products were quan-
tified by high performance anion exchange chromatography
with pulsed amperometric detection (Dionex) as described pre-
viously (11, 38). All values were determined in triplicate. The
Michaelis constant (K,,) and the turnover number (K_,,) were
determined by a nonlinear regression program.

To determine the smallest substrate of AgaB and the number
of substrate binding subsites in its catalytic cleft, a hydrolysis
reaction was carried out using 10 mg/ml different oligosaccha-
rides in 10 ul of reaction mixture (pH 6.0). According to the
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different DP of oligosaccharides, the reaction mixture was
adjusted with different concentrations of AgaB and incubated
at 25 °C for different times. Hydrolysis product was then ana-
lyzed using FACE.

To determine the direction and location of the substrate in
the active site of AgaB, the reducing end of DPs 14, 12, 10, and
8 were fluorescently labeled using monopotassium 7-amino-
1,3-naphthalenedisulfonic acid and sodium cyanoborohydride
reagents. The labeled products were purified by Sephadex
G10 column and then degraded by AgaB. The degradation
product was subjected to gradient (18 -25%) discontinuous
PAGE using a vertical slab gel electrophoresis system (Amer-
sham Biosciences).

'H NMR Spectroscopy Analysis—For "H NMR spectroscopy
analyses, agarose powder (0.5 g) was melted in 50 ml of D,O
(containing 2,2-dimethyl-2-silapentane-5-sulfonic acid) and
allowed to cool down to 40 °C. After recording the spectrum of
the substrate, AgaB was added at a final concentration of 2.4 nm.
Aliquots were taken out every 10 min for 2 h, then at 18 h after
the addition of the enzyme (i.e. when enzymic hydrolysis was
complete and the mutarotation equilibrium had been reached)
and directly recorded at 60 °C with a INM-ECP600 spectrom-
eter. NMR signals were assigned according to Jam ez al. (39) and
Lahaye (40) and based on a COSY (correlation spectroscopy)
spectrum of neoagarooligosaccharides.

RESULTS

Isolation and Identification of Strain CY24—Based on sole
carbon source culture and clearing zone screening on agar
plates, 50 agarase-producing bacterial strains were obtained
from seawater. Of them, the one (CY24) showing the highest
activity was selected for the isolation of agarase-encoding gene.
This strain was assigned to the genus Pseudoalteromonas based
onits morphological, physiological, and biochemical character-
istics and its 16 S rRNA gene sequence (data not shown) and
named as Pseudoalteromonas sp. CY24.

Cloning and Sequence Analysis of agaB Gene—As described
under “Experimental Procedures,” the agarase-positive sub-
clone pBAS4 was obtained which contained a single open read-
ing frame, 1437 bp in length. This open reading frame was
named agaB gene and deposited in the GenBank™ under
accession number AY293310. A putative promoter sequence,
5'-TTGGCA-3' for the —35 region and 5'-TATAGT-3’ for the
—10 region, is present 150 bp upstream from the initiation
codon with 15-bp spacing. The putative ribosome-binding site,
5'-AAGGAG-3', is located 9 bp upstream from the initiation
codon ATG. A typical stem loop sequence downstream the stop
codon TAG was found as a p-independent transcriptional ter-
mination site. The predicted product of agaB gene is a protein
of 478 amino acids with a theoretical molecular mass of 50.9
kDa. The amino acid residue composition of AgaB is not aver-
age. The four amino acids (Ala, Asn, Ser, and Val) account for
41.4%, and the other three (Cys, Met, and Trp) account for only
0.8% of the total. As PredictProtein software predicted, AgaB is
a globular protein and has strong solvent accessibility compo-
sition. Hydrophobic cluster analysis suggested that a strong
helical transmembrane motif located at the region of amino
acid 20-38. Using SignalP 3.0 Server predicted that the most
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FIGURE 1. FACE analysis of the products of agarose hydrolysis by AgaB.
Agarose (50 ml, 0.25%) was hydrolyzed by AgaB (0.01 um) at 40 °C. Atintervals
aliquots from the reaction mixture were taken out and analyzed by FACE
method. The lane marked ST was loaded with neoagarotetrose (DP4) and
neoagarohexaose (DP6) (Sigma) as the standard. After hydrolysis for 24 h, the
main products were neoagarooctaose (DP8) and neoagarodecaose (DP10)
with lesser amounts of DPs 4 and 6.

probable cleavage site of signal peptide was between Ala®® and
Ala®®. ExPASy server calculated the molecular mass and iso-
electric point of the mature enzyme deduced from its amino
acid sequence were 47.2 kDa and 4.83 respectively.

Sequence Comparison and Classification of agaB Gene—
BLAST results indicated that the similarity of the deduced
amino acid sequence of agaB gene with the existed proteins was
very low (E > 0.1). The sequence was further compared by
hydrophobic cluster analysis plots because of its established
effectiveness in the comparison of widely divergent proteins.
However, the hydrophobic cluster analysis result showed that
AgaB has no similarity at all with glycoside hydrolases or with
carbohydrate binding modules. To test the reliability of our
analysis and to possibly detect other agarase sequences sharing
similarity with the protein, the signature motifs of families
GH 16, 50, and 86 were undertaken, but no consensus signa-
ture was found in AgaB. All these findings confirmed that
AgaB is not obviously similar to any previously defined gly-
coside hydrolases.

Expression and Purification of AgaB—Subclone pBAS4 car-
rying agaB gene showed very low extracellular agarase activity.
To obtain a sufficient amount of the enzyme, the agaB gene was
expressed in the pET24a(+)/E. coli BL21 (DE3) system. The
recombinant AgaB was secreted into medium under the con-
trol of its own signal peptide. The maximal extracellular pro-
duction of AgaB was induced by 0.1 mm isopropylthio-B-galac-
topyranoside at 25 °C for 18 =24 h. The recombinant AgaB was
purified 476-fold by ammonium sulfate precipitation, weak
anion-exchange chromatography, hydrophobic interaction
chromatography, and gel filtration chromatography. The spe-
cific activity of 5000 units mg~ ' and a final yield of 21.2% were
achieved. Approximately 3.4 mg of recombinant enzyme was
obtained per liter of culture supernatant. The purified enzyme
gave a single band with an apparent molecular mass of 50.4 kDa
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FIGURE 2. The "*C NMR spectrum of the neoagarooctaose (DP8) purified
from the hydrolyzed products of agarose by AgaB. The upper trace is the
structure of agarose. Peak assignments are labeled according to the nomen-
clature defined in upper panel. A and G refer to the anhydrogalactose and
galactose residues, nr and r refer to the non-reducing and reducing ends of
agarose oligomers, and n refers to the number of disaccharide repeating
units.

on SDS-PAGE. This value is in good agreement with the value
estimated from the deduced amino acid sequence of mature
enzyme.

General Properties of AgaB—AgaB was a true agarase. The
pure AgaB hydrolyzed agarose but not k-carrageenan, t-carra-
geenan, A-carrageenan, alginate, and chitosan. The optimal
temperature was found to be 40 °C. The activity of AgaB was
stable at low temperature and retained more than 90% activity
until 35 °C. Its optimum pH was 6.0. AgaB was very stable at pH
5.7-10.6, retaining more than 95% activity. AgaB activity was
inhibited completely by Hg>" and slightly by Cu**, Mn>", and
EDTA. In contrast, Ca>" and Ba>" slightly increased the activity.

Hydrolysis Product Analysis of Agarose by AgaB—The
hydrolysis of agarose by AgaB was accompanied by a rapid fall
in specific viscosity and a marked increase in reducing power.
As shown in Fig. 1, in the initial stage the enzyme hydrolyzed
agarose to generate oligosaccharides with various DPs. This
hydrolysis pattern indicates that this enzyme is an endo-type
agarase. After hydrolysis for 24 h, the main products were DPs
8 and 10 with lesser amounts of neoagarotetraose (DP4) and
neoagarohexaose (DP6) as identified by FACE. Because of the
lack of suitable standards, the main products were purified and
identified by mass spectrometry (data not shown) and '*C
NMR spectroscopy (Fig. 2). The ">C NMR spectra of these
hydrolysis products showed the typical pattern of neoagarooli-
gosaccharide. There were evident resonances at about 97 and
93 ppm that are characteristic for the 8 and a anomeric forms,
respectively, of galactose residues at the reducing end of the
neoagarooligosaccharides. There was no evidence of a signal at
90.72 ppm, a finding that could be attributed to hydrolyzed
a-(1,3) linkages (22, 41). All these evidenced that AgaB was a
B-agarase.

The Substrate Binding Subsites of AgaB —To determine the
number of subsites in the binding cleft of AgaB, we have carried
out the analyses of enzymatic kinetics and reaction products of
AgaB by using oligosaccharides of defined DP as substrates.
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TABLE 1
Kinetic parameters for the hydrolysis of oligosaccharides by AgaB
Substrates K, K., K../K,,
mm s The K_,,
DP8 ND“ ND ND
DP10 12.81 0.19 0.015
DP12 12.39 4.77 0.385
DP14 8.36 5.16 0.617
“ND, not detectable.
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FIGURE 3. A, FACE analysis of hydrolysis products of neoagarooligosaccharides (10 mg/ml) by AgaB. The
lane marked ST was loaded with DPs 4 and 6 as the standard. Lanes 1, 3, 5, and 7, DPs 8, 10, 12, and 14
without AgaB, respectively. Lane 2,4, 6,and 8, DPs 8, 10, 12, and 14 were degraded by AgaB with different
enzyme concentrations and incubation times, respectively. DP14 was completely hydrolyzed by 0.10 um
AgaB within 12 h, giving principally DPs 8 and 6 (76 = 3%) with a small amount of DPs 10 and 4 (24 = 3%)
but not DPs 12 and 2. DP12 was fragmented in DPs 8 and 4 by 0.28 um AgaB within 12 h, and the hydrolytic
product of DP10 was DPs 4 and 6 by 3.20 um AgaB within 48 h, whereas DP8 couldn’t yet be hydrolyzed
with higher enzyme concentration (8 um) after prolonged incubation (up to 96 h). DP2, neoagarobiose;
DP4, neoagarotetrose; DP6, neoagarohexaose; DP8, neoagarooctaose; DP10, neoagarodecaose; DP12,
neoagarododecaose; DP14, neoagarotetradecaose. B, PAGE analysis of hydrolysis products of fluores-
cently labeled oligosaccharides by AgaB. The lane marked ST was loaded with DPs 4, 6, 8, and 10 as the
standard. Lane 1, 3, and 5, fluorescently labeled DPs 10, 12, and 14 without AgaB, respectively. Lanes 2, 4,
and 6, fluorescently labeled DPs 10, 12, and 14 degraded by AgaB, respectively. The hydrolysis conditions
were described as above. C, schematic representation of the hydrolysis pattern determined for AgaB.
White circles represent B-linked p-galactose units; white circles with triangular inserts represent a-linked
L-3,6 anhydro-galactose units; black circles represent the reducing ends. The B-1, 4 bond cleaved during
catalysis is labeled by arrow.
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The kinetic parameters of AgaB on different oligosaccharides
were shown in Table 1. DP10 was a very poor substrate with by far
the lowest K_,, and considerable K, of all the substrates tested.
increased with increasing chain length of the substrate,
while K, values appeared to be relatively independent of DP. Cat-
alytic efficiency factor K, /K, increased sharply (about 26 times)
as the DP increased from 10 to 12, whereas it was similar between

DPs 12 and 14. No degradation was
detected for oligosaccharides with
DP = 8. Therefore, AgaB is more
active on higher oligosaccharides, and
DPI10 is the shortest substrate oli-
gomer that can be recognized and
cleaved by AgaB.

Product distributions were
shown in Fig. 3, and these data pro-
vide excellent insights into the rela-
tive cleavage point and products
assignment. Agreeing reasonably
well with kinetic parameters under
stringent condition (high enzyme
concentration and prolonged incu-
bation time), DP10 could be thor-
oughly degraded into DPs 4 and 6,
indicating a single productive bind-
ing mode in which the —4 to +6
subsites (following the subsite nam-
ing convention of Davies et al.(42),
—n represents the non-reducing
end, and +n represents the reduc-
ing end) were filled. One cleavage
site was also observed for DP12, the
cleavage mode being that in which
the —4 to +8 subsites were occu-
pied and not the symmetrical (—6 to
+6) mode, and four units were
needed from the non-reducing end,
similar to cleavage of DP10. Results
with DP14, as might be expected,
are more complex, with two pro-
ductive binding modes seen and the
preferred cleavage mode being that
in which —6 to +8 subsites are
filled. The preference for four sug-
ars in the glycon (—n) sites and eight
sugars in the aglycon (+n) sites,
thus, suggests that a minimum of 12
sites make up the active site.

The Hydrolysis Mechanism of
AgaB—Glycoside hydrolase hydro-
lyzes the glycosidic bond via two
major mechanisms, overall retention
or inversion of anomeric configura-
tion. To determine the hydrolysis
mechanism of AgaB, the hydrolysis
products of agarose by AgaB at differ-
ent time were analyzed by recording
the 'H NMR spectra at 600 MHz
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FIGURE 4. "TH NMR monitoring of the hydrolysis of agarose by AgaB. From bottom to top, initial substrate and substrate were incubated after the addition
of AgaB (2.4 nm) for 10 min, 30 min, 1 h, and 18 h. Peak assignments are labeled according to the nomenclature of Fig. 2. A and G refer to the anhydrogalactose
and galactose residues, nr and r refer to the non-reducing and reducing ends of agarose oligomers.

using 2,2-dimethyl-2-silapentane-5-sulfonic acid as the internal
standard. The "H NMR signals were assigned on the basis of 'H,
'H COSY, and heteronuclear multiple quantum coherence
spectra of neoagarohextaose and neoagarooctaose. Compared
with the 'H NMR spectrum of agarose (Fig. 4), the spectra
recorded from the reaction mixture, including that sampled at
as early as 10 min after the addition of the enzyme, showed
several new resonances. These corresponded on the one hand
to protons on the non-reducing ends released by hydrolysis (e.g.
Anr H6) and on the other hand to the release of « -anomers
(GrH1e, GrH2a). Only after 30 min of hydrolysis, a signal cor-
responding to the presence of 3-anomers (GrH1p) was clearly
visible. Therefore, AgaB inverts the anomeric bond configura-
tion, producing w«-anomers that progressively give rise to
B-anomers when mutarotation takes place.

DISCUSSION

We have cloned a novel B-agarase-encoding gene, agaB,
from marine Pseudoalteromonas sp. CY24. The deduced
protein of agaB gene was 478 amino acids in length with a
theoretical molecular mass of 50.9 kDa. To identify proteins
with amino acid sequences related to AgaB, the DNA and
protein sequences of AgaB were used as a query against the
FASTA and BLAST data bases. The results of bioinformatics
analysis revealed that the amino acid sequence of AgaB does
not bear any detectable similarity to any of the established
glycoside hydrolase families. As suggested by Prof. Bernard
Henrissat (Universités d’Aix-Marseille I and II, Marseille,
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France), who established the classification system of glyco-
sidases, AgaB should be the representative of a novel CAZy
family.

A notable feature not only of agarases but of very many gly-
coside hydrolases is their modularity (43). Proteins are rarely
found as single catalytic domain entities but instead display a
modular structure with one (occasionally more) catalytic
domain linked to one or several non-catalytic modules. How-
ever, no obvious modular structure was found in AgaB. Based
on phylogenetic evidence, enzymes in a family share a common
ancestor. Even though these proteins have now diverged signif-
icantly in their primary sequences, they usually feature a com-
mon catalytic motif. The active sites of glycoside hydrolases
require the two amino acids, glutamic or aspartic acid, both of
which are highly conserved in each glycoside hydrolase family.
AgaB lacks the motif E(I/L/V)D(I/V/A/E)(V/I/L/M/F) , 1 )E, i.e.
the catalytic site typical of clan B of glycoside hydrolases (44, 45,
46) that encompasses families GH 7 and 16 (30). Furthermore,
no conserved motifs from other glycoside hydrolases were
found in AgaB. This indicates that AgaB may have evolved
along a separate evolutionary line. Therefore, this unique
B-agarase AgaB will become a useful material for studying the
structure, function, and evolution of agarases.

AgaB hydrolyzes agarose to give DPs 8 and 10 as the main
products. Of note is the inability of this enzyme to cleave neo-
agarooligosaccharides with DP =< 8, and its activity on DP10 is
extremely low, whereas this enzyme has a high activity on DPs
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12 and 14. This is in good agreement with its product specific-
ity. Therefore, AgaB was functionally different from currently
known [B-agarases grouped into families GH 16, 50, and 86.
Some agarases of family GH 16 degrade agarose and agarose
oligosaccharides comprising at least six sugars to yield DP4 as a
main product (10, 11). AgaA of family GH 50 from Vibrio sp.
strain JT0107 degrades not only agarose but also agarose oligo-
saccharides comprising at least four sugars to yield neoagaro-
biose (14). AgrA from Pseudoalteromonas atlantica Téc in
family GH 86 degrades agarose and agarose oligosaccharides
more polymerized than hexamers to yield DP6 as the main
product (47). These results suggest that the extraordinary
structure of B-agarase AgaB was more adapted to degrade lon-
ger oligosaccharides (DP = 12). It is possible that high subsite
occupancy is required to provide sufficient energy for the sub-
strate to adapt the distorted conformation.

AgaB did not bear any detectable similarity to any of the
established glycoside hydrolase families. This hindered AgaB
from successful modeling based on the structure of an enzyme
with different substrate specificity. As evidenced in a-amylases
and arabinanase (48 -50), the application of different oligo-
meric substrates is an effective way to explore the nature of the
binding site and the process of catalysis for glycoside hydro-
lases. Recently, Allouch et al. (11) determined the subsite num-
bers of B-agarases A and B from Zobellia galactanivorans Dsij
in family GH 16 using this strategy and found that the result was
in good agreement with crystal structural analysis. These two
enzymes adopt a jellyroll fold with a long and open active site
cleft that accommodates a maximum of eight sugar units with
subsites —4 through —1 from the catalytic site toward the non-
reducing end and subsites +1 through +4 toward the reducing
end of the substrate. In this study the number of substrate bind-
ing subsites of AgaB was determined using the same strategy.
Based on the analyses of enzymatic kinetics and degradation
patterns of different oligosaccharides, we can infer that the
active cleft of AgaB consists of 12 glycosyl binding subsites with
the 8 sugar units toward the reducing end in the active site
channel (spanning subsites +1 to +8) and the four sugar units
toward the non-reducing end (spanning subsites —4 to —1).
These results clearly indicate that the catalytic cleft of AgaB is
larger than that of B-agarases A and B from Z. galactanivorans
Dsij in family GH 16 (11) and differs from other glycoside
hydrolases with known structures, such as k-carrageenase and
-carrageenase (51, 52). Consistent with this subsite organiza-
tion, AgaB releases mainly DPs 8 and 10 from agarose, whereas
most other -agarases give shorter products.

'"H NMR monitoring of the anomeric configuration of the
hydrolysis products of AgaB indicates that this enzyme inverts
the anomeric bond configuration, producing a-anomers that
progressively give rise to 3-anomers when mutarotation takes
place (Fig. 4). This result demonstrates that AgaB hydrolyzes
the B(1—4) linkages of agarose by a one-step nucleophilic sub-
stitution, a mechanism that results in the inversion of the ano-
meric configuration and precludes transglycosylation (27). This
finding contrasts with the case of other agarases, which retain
glycoside hydrolases with transglycosylating properties (39).
The hydrolytic mechanism is known to be absolutely conserved
within glycoside hydrolase families (30, 53). Therefore, this
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result further confirms that AgaB is very different from known
agarases.

Altogether, we show here that AgaB is a novel endo-type
B-agarase that is structurally and functionally different from
other agarases. AgaB degrades agarose with an inverting mech-
anism to yield DPs 8 and 10 as the main end products. More-
over, AgaB has a large active site cleft that accommodates 12
substrate binding subsites. Therefore, our results clearly indi-
cate that B-agarase AgaB appears to define a new family of
glycoside hydrolase. Further studies on three-dimensional
structure of B-agarase AgaB should give more precise informa-
tion for the structure-function relationship of this novel
enzyme.
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