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Background: Variations of agarase GH modules and their effects have been minimally elucidated.
Results:Deleting the extra fragment in theGHmodule or swapping the inside Tyr276 changes the degradation characteristics of
the agarase rAgaG4.
Conclusion: The 276-residue sequence within the extra fragment is crucial for AgaG4 to bind and degrade neoagarooctaose.
Significance:Modification of active site residues in agarase changes the degradation pattern.

Agarase hydrolyzes agarose into a series of oligosaccharides
with repeating disaccharide units. The glycoside hydrolase (GH)
module of agarase is known to be responsible for its catalytic
activity. However, variations in the composition of theGHmod-
ule and its effects on enzymatic functions have been minimally
elucidated. The agaG4 gene, cloned from the genome of the
agarolytic Flammeovirga strain MY04, encodes a 503-amino
acid protein, AgaG4. Compared with elucidated agarases,
AgaG4 contains an extra peptide (Asn246–Gly302) within its
GH module. Heterologously expressed AgaG4 (recombinant
AgaG4; rAgaG4) was determined to be an endo-type �-agarase.
The protein degraded agarose into neoagarotetraose and neo-
agarohexaose at a final molar ratio of 1.5:1. Neoagarooctaose
was the smallest substrate for rAgaG4, whereas neoagarote-
traose was the minimal degradation product. Removing the
extra fragment from the GH module led to the inability of
the mutant (rAgaG4-T57) to degrade neoagarooctaose, and the
final degradation products of agarose by the truncated protein
were neoagarotetraose, neoagarohexaose, and neoagarooctaose
at a final molar ratio of 2.7:2.8:1. The optimal temperature for
agarose degradation also decreased to 40 °C for this mutant.
Bioinformatic analysis suggested that tyrosine 276 within the
extra fragment was a candidate active site residue for the enzy-
matic activity. Site-swapping experiments of Tyr276 to 19 vari-
ous other amino acids demonstrated that the characteristics of
this residue were crucial for the AgaG4 degradation of agarose
and the cleavage pattern of substrate.

Agarose is a complex polysaccharide composed of 3,6-an-
hydro-L-galactopyranose- �-1,3-D-galactose units that are
joined by �1–4 bonds (1). Agarases, which are classified as gly-

coside hydrolases (GHs),3 catalyze the cleavage of agarose at
�1–3 or �1–4 linkages, producing agaro-oligomers with
repeating disaccharide units. Based on their cleaved linkage
type, agarases are classified into two groups: �-agarases and
�-agarases. The �-agarases (EC 3.2.1.158) degrade agarose at
�1–3 linkages, producing agaro-oligosaccharides with �1-
4–3,6-anhydro-L-galactopyranose as the reducing end (2),
whereas the �-agarases (EC 3.2.1.81) degrade agarose at �1–4
linkages, producing neoagaro-oligosaccharides (NAOs) with
�-1,3-D-galactose as the reducing end (3, 4). More than 50 aga-
rases have been identified and characterized in differentmicro-
organisms to date (5–7). Most of these enzymes are �-agarases,
whereas only two are�-agarases (fromAlteromonas agarlyticus
GJ1B (8) and Thalassomonas sp. JAMB-A33 (9), respectively).
Agarases are modular proteins that contain an array of a cata-
lytic GH module and one or two non-catalytic carbohydrate-
bindingmodules (10, 11). Based onGH sequence similarity, the
characterized�-agarases are classified asmembers of theGH96
family (12, 13). Most of the reported �-agarases belong to the
GH16 family in the CAZy (carbohydrate-active enzyme) data-
base, but some �-agarases belong to the GH50, GH86, or
GH118 family (5, 14, 15). Crystal structures of the GHmodules
(10, 16, 17) and their catalytic mechanisms have been well elu-
cidated (18–21). However, there have been few studies focus-
ing on inner peptides of theGHmodules and their effects on the
enzymatic properties of agarases.
Flammeovirga is a bacterial genus of the newly denominated

�-proteobacterial family Flammeovirgaceae. All type strains of
the five species (22–25) within this genus have been described
as agarolytic. In our previous studies (26), we obtained an aga-
rolytic marine bacterial strain, Flammeovirga sp. MY04. This
strain can potently degrade and utilize many different polysac-
charides, particularly agarose. The degradation of agarose by
the extracellular agarase system of MY04 produces neoagaro-
tetraose (NA4) and neoagarohexaose (NA6) as the final prod-
ucts. In our analysis of the sequences of a fosmid clone ofMY04,
we found a predicted agarase gene, agaG4. Interestingly, com-
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pared with the already elucidated agarases, the predicted 503-
amino acid protein of agaG4 contains an extra peptide
(Asn246–Gly302) within its GH module. In this paper, we char-
acterize this agarase and the contributions of the extra frag-
ment on agarose degradation of the enzyme.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth Conditions—The
strains and plasmids used in this study are listed in Table 1.
Unless otherwise noted, Escherichia coli strains were cultured
at 37 °C in Luria-Bertani (LB) medium supplemented with
chloramphenical (12.5 �g/ml) and/or ampicillin (100 �g/ml).
Flammeovirga sp. MY04 (CGMCC 2777) was cultured at 30 °C
in a medium (pH 7.2) containing 3.0% (w/v) NaCl, 0.75% (w/v)
KCl, 0.11% (w/v) CaCl2, 0.72% (w/v) Mg2SO4, 0.4% (w/v) tryp-
tone, and 0.25% (w/v) yeast extract. Agar (1.5%, w/v) was used
to prepare the solid medium.
Construction of theGenomic Fosmid Library—Flammeovirga

sp.MY04 cells were pretreated with lysozyme, and the genomic
DNAwas extracted using SDS and proteinase K treatment (27).
Approximately 2 mg of the genomic DNA was mechanically
sheared using a 10-�l glass syringe and separated on a prepar-
ative pulsed field gel (Bio-Rad CHEF DR�III; 0.1–10-s switch
time, 6V/cm, 0.5�TBEbuffer, 120° included angle, 14 h). DNA
fragments with approximate lengths ranging from 36 to 50 kb
were recovered, electroeluted, and dialyzed against 0.5� TE
buffer (pH 8.0). The purified DNA fragments were end-re-
paired with end-repaired enzyme mix, size-fractionated, and
recovered from the gel. The recovered blunt-ended, 5�-phos-
phorylated DNA was ligated into the cloning-ready Copycon-
trol pCC1FOS vector, and the recombinant molecules were
packaged in vitro with a MaxPlaxTM Lambda packaging kit
(Epicenter Biotechnologies, Madison, WI).
Recombinant fosmids were isolated using the method of

Birnboim andDoly (28). Plasmidswere prepared using aTIAN-
prep minikit (TianGen, Beijing, China). Competent E. coli cells
were prepared using calcium chloride (27). Restriction
enzymes, T4 DNA ligase, calf intestinal alkaline phosphatase,
and DNA polymerases were purchased from Takara (Dalian,
China) and used according to the manufacturer’s instructions.
Screening and Cloning of Agarose-degrading Genes—Iodine

stainingwas initially performed to identify extracellular agarase
genes in the genomic fosmid library (29). Briefly, transformed
EPI300 cells were initially plated on LB plates and incubated at
37 °C for 18 h. Randomly selected colonies were then trans-
ferred onto LB agar plates supplemented with inducer (1:1000
dilution, Epicenter Biotechnologies), which increases the fos-
mid copy number up to 50. The transferred cultures were incu-
bated at 30 °C for 7 days, and the plates were stained using an
iodine solution (2.0%, w/v). Colonies surrounded by halos were
referred to as positive clones that contained agarase genes from
Flammeovirga sp. MY04.
The other genetic screening strategywas also used to identify

intracellular agarase genes in the fosmid genomic library. In
brief, recombinant fosmids of randomly selected clones were
prepared individually and sequenced using the vector primers
F5FP010 and F5RP011 (Table 1) to determine the DNA
sequences at the T7 end and the pCC1R end, respectively. The

sequencing products were trimmed of their vector sequences,
and the pertinent sequence tags were analyzed. Based on the
sequence tags encoding putative agarases, gene-specific primer
pairs were designed, synthesized, and applied in the PCR
screening of the positive clones that targeted full-length genes.
Fosmids harboring agarase genes were shotgun-sequenced.
Sequence Analysis of the Agarase Genes and Proteins—Pro-

moter motifs of the 5�-flanking sequences upstream from the
open reading frames (ORFs) or operons were identified using
Primer Premier version 5.0 (PREMIER Biosoft International,
Palo Alto, CA) and the Promoter 2.0 Prediction Server. The
G � C content (G � C%) of the ORFs and the G � C% at the
third position of the synonymous codons (GC3s) were calcu-
lated using CodonW.
In an extension of the functional annotation, similarity

searches of the predicted proteins were performed using the
BLAST algorithm on the National Center for Biotechnology
Information (NCBI) server. Secretion signals and their types
were identified using the SignalP 3.0 server and the LipoP 1.0
server. Molecular masses of polypeptides were estimated using
the peptide mass tool on the ExPASy server of the Swiss Insti-
tute of Bioinformatics. Sequences were aligned using Bio-Edit
version 7.0.5.3 (30). Protein modules and domains were identi-
fied in the products using the Simple Modular Architecture
Research Tool (SMART), the Pfam database, and the CAZy
database. A phylogenetic tree was generated using the neigh-
bor-joining method of Nei and co-workers (31) with MEGA
version 5.05.
Construction of Expression Vectors—For the expression of

AgaG4, the full-length gene of AgaG4 was amplified using the
primers G4BAD-f and G4BAD-r (Table 2) and high fidelity
PrimeSTARTMHSDNApolymerase (Takara). The primer pairs
with restriction enzyme sites (underlined) for NcoI and XbaI
were designed to generate a gIII virus signal peptide for secre-
tion at the N terminus and a His6 tag at the C terminus of the
recombinant agarase (rAgaG4). The DNA amplification prod-
ucts were cloned into the expression vector pBAD/gIII A, and
the recombinant plasmid (pBAgaG4) was transformed into
E. coli TOP10 cells. Expression vectors derived from the pET-
22b(�), pET-28a(�), pET-30a(�), and pCold TF plasmids
were constructed for the heterologous expression of AgaG4 in
E. coli BL21(DE3). The integrity of the nucleotide sequence of
all newly constructed plasmids was confirmed by DNA
sequencing.
Heterologous Expression and Purification of AgaG4—E. coli

TOP10 cells harboring plasmid pBAgaG4 were initially cul-
tured in LB broth.When the cell density reached anA600 of 0.8,
expression of rAgaG4was induced by the addition of 1.0mmol/
liter L-arabinose, followed by continual cultivation for an addi-
tional 6 h at 30 °C. Cells were harvested by centrifugation at
5000 � g for 15 min, washed twice with ice-cold buffer A (50
mmol/liter Tris, 150 mmol/liter NaCl, pH 8.0), resuspended in
buffer A, and disrupted by sonication (60 repetitions, 5 s) in an
ice-water bath. Centrifugation at 15,000� g for 30min allowed
for crude inclusion bodies of rAgaG4 to be collected from the
precipitation.Using bufferA supplementedwith 1.0% (v/v) Tri-
ton X-100 and 2 mol/liter urea, the inclusion bodies were
washed twice for further purification. The purified inclusion
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TABLE 1
Bacterial strains, plasmids, and sequencing primers used in this study
Apr, ampicillin-resistant; Cmr, chloramphenicol-resistant.
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TABLE 2
Primers used in this study
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bodies were dissolved in buffer B (buffer A supplemented with
8 mol/liter urea) at 4 °C. After centrifugation, the supernatant
containing the denatured proteins was loaded onto a nickel-
nitrilotriacetic acid (Ni-NTA) column (Novagen) that was pre-
equilibrated with buffer B and eluted with buffer B that was
supplementedwith imidazole at increasing gradient concentra-
tions (0, 10, 50, and 250mmol/liter). Fractionated protein sam-
ples were analyzed using SDS-PAGE. To obtain active agarase,
the purified 55-kDa protein was diluted and dialyzed against
the universal TGE buffer (50 mmol/liter Tris, 50 mmol/liter
NaCl, 0.5mmol/liter EDTA, 5mmol/literDTT, 5% glycerol, pH
7.9) supplemented with 4 mol/liter urea and then 2 mol/liter
urea and finally without urea. To reduce the urea concentration
to lower than 1 mg/liter, the agarase solution was further dia-
lyzed against the TGE buffer for a total of four times. Each
dialysis stepwas performed at 4 °C for 2 hwith a volume ratio of
1:50 (protein/buffer). Moreover, similar analyses were per-
formed for the heterologous expression of AgaG4 using pET-
22b(�), pET-28a(�), pET-30a(�), and pCold TF in E. coli
BL21(DE3).
SDS-PAGEwas performedusing 13.2% (w/v) polyacrylamide

gels according to Sambrook and Russell (27). Proteins were
detected by staining the gel with Coomassie Brilliant Blue
R-250. Protein concentrations were determined by the Folin-
Lowry method using Folin Ciocalteu’s phenol reagent (Sigma-
Aldrich) and bovine serum albumin as a standard.
Enzyme Activity Assay—Agarase activity was assayed using

the 3,5-dinitrosalicylic acid method (32). Stock solutions
(0.50%, w/v) of agarose (Invitrogen) were individually prepared
using deionized water. Aliquots (950 �l) were boiled and then
maintained at 45 °C to prevent the polysaccharide from gelling.
The solutions, referred to as melted agarose, were incubated in
triplicate at 45 °C with 50 �l of appropriately diluted agarase.
The mixture was incubated at 50 °C for 40 min. After adding 1
ml of 3,5-dinitrosalicylic acid, the reaction mixture was heated
in boiling water (99 °C) for 10 min. The absorbance of the
reducing sugarwasmeasured at 540 nmand comparedwith the
standard curve of D-galactose (Sigma-Aldrich). One unit of
enzyme was defined as the amount of enzyme that produced 1
�mol of D-galactose/min.
Biochemical Characterization of rAgaG4—To determine the

optimal conditions for rAgaG4 activity and the stability of
rAgaG4, agarose solutions (0.10%, w/v) were prepared using
buffers with different pH values, including 50 mmol/liter ace-
tate buffer (pH 4.0–6.5), 50mmol/liter HEPES buffer (pH 6.0–
8.0), and 50 mmol/liter Tris-HCl buffer (pH 7.5–10). The opti-
mal temperature for rAgaG4 was determined bymonitoring its
enzymatic activity at temperatures ranging from 0 to 80 °C at
pH7.5 for 40min.The thermostability of rAgaG4was evaluated
by measuring the residual activity of the enzyme after incuba-
tion at various temperatures for 1 h. The pH dependence of
rAgaG4 was assayed at 50 °C within a pH range of 4.0–10. The
effect of pH on rAgaG4 stability was determined by measuring
its residual activity after incubation at 4 °C and various pH val-
ues (4.0–10.0) for 1 h. The effects of metal ions and chelating
agents on rAgaG4 activity were examined by determining its
activity in the presence of 1 mmol/liter and 10 mmol/liter of
various metal ions or chelating agents. Additionally, the sub-

strate specificity of rAgaG4 was determined at 50 °C using
0.10% (w/v) agar, agarose, alginate, carrageenan, �-carrageenan,
chitin, chitosan, and xylan as substrates.
Analysis of theAgarose-degrading Properties of rAgaG4—The

digestion pattern of agarose (0.05%, w/v) by rAgaG4 (5 units/
liter) at 45 °C was traced over 72 h. Similar experiments were
conducted using different final concentrations of agarose, rang-
ing from 0.10 to 0.50% (w/v). Aliquots of the degradation prod-
ucts were removed for time course analysis with thin layer
chromatography (TLC) using silica gel 60 plates (F254,Merck).
The plates were developed using a solvent systemwith a ratio of
2:1:1 (v/v/v) for n-butanol/ethanol/water. The resultant oligo-
saccharide spots were visualized by spraying the plates with a
staining solution (1% diphenylamine and aniline in acetone)
and heating at 110 °C for 10 min (33). Standard NAOs ranging
from 2 to 8 residues (NA2–NA8) were provided by Prof. Wen-
gong Yu (Ocean University of China). The concentrations of
the degradation products were determined using the dinitro-
salicylic acid reducing sugar assay (32).
To determine the molar ratio of the individual oligosac-

charides in the product, the reducing ends of �10 �g of the
final degradation products were fluorescently labeled using
2-aminobenzamide (2-AB) and sodium cyanoborohydride
reagents as described by Bigge et al. (34). Fluorescently
labeled samples (20 �g/ml) were then injected into a CO-150
sampler equipped with a 20-�l sample loop and a BioSep SEC-
S2000 column, and the samples were stimulated at 330 nm and
monitored at 420 nm. Themobile phase for the SECwas 0.10 M

NH4HCO3 with a flow rate of 0.5 ml/min. A mixture of D-ga-
lactose and standard NAOs was fluorescently labeled and used
as a calibration standard. The software LCsolution version 1.25
was used for online data monitoring and analysis.
To determine the composition of the final degradation prod-

uct, 100 ml of agarose (0.1%, w/v) was digested using superflu-
ous rAgaG4 (0.10 unit/ml) at 45 °C for 72 h. The reaction mix-
ture was heated in boiling water for 10 min, subsequently
cooled to 4 °C, and centrifuged at 12,000 � g for 30 min. The
supernatant was concentrated by rotary evaporation at 45 °C.
The concentrated oligosaccharide products were loaded onto a
pre-equilibrated Superdex Peptide 10/300G column (GE
Healthcare) and eluted with 0.10 M NH4HCO3 at a flow rate of
0.5 ml/min. Oligosaccharide monomers in the fractionated
samples were assayed using TLC, collected, and freeze-dried
repeatedly to remove NH4HCO3 for further component
identification. With MALDI-TOF MS (AXIMA-CFR plus,
Shimadzu, Japan), the pure oligosaccharides of the two final
degradation products were individually observed as the pseu-
domolecular ions [M � K]� and [M � Na]� via spectrometry
using 2,5-dihydroxybenzoic acid as the matrix. For 13C NMR
spectroscopy, 10 mg of each purified oligosaccharide was dis-
solved in 0.5 ml of D2O in 5-mmNMR tubes. The spectra were
recorded on a JNM-ECP600 (JEOL, Japan) apparatus set at 150
MHz with acetone-d6 as the internal standard.
Analysis of the Oligosaccharide-degrading Properties of

rAgaG4—To assay the smallest substrate of rAgaG4, NAOs
with different length chains (NA4, NA6, NA8, and NA10) were
purified using gel filtration from partially digested agarose by
rAgaG4. Individual oligosaccharide solutions (0.05%, w/v) were
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supplementedwith rAgaG4 (0.05 unit/ml), and themixturewas
incubated at 45 °C for 12 h. The reactionmixture was heated in
boiling water for 10 min, cooled at 4 °C, and centrifuged at
12,000 � g for 5 min. The supernatant was concentrated by
rotary evaporation and labeled using 2-AB. The fluores-
cently labeled products were analyzed by HPLC using the
BioSep SEC-S2000 column.
To determine the enzymatic degradation pattern of rAgaG4,

pure oligosaccharide monomers (NA4, NA6, NA8, and NA10)
were fluorescently labeled at their reducing ends using 2-AB.
The labeled productswere purified byHPLCanddegradedwith
rAgaG4. The substrate and degradation products were sub-
jected to HPLC for fluorescent analyses under similar
conditions.
Functional Analyses of the Extra Peptide within the GHMod-

ule of AgaG4—To identify the role of the extra fragment
(Asn246–Gly302) in agarose degradation by AgaG4, we deleted
this peptide from the enzyme using a gene truncation strategy
as listed in Fig. 1. PCR primers for the truncation of agaG4 and
the heterologous expression of the mutant are listed in Table 2.
The mutated gene product was named agaG4-T57, the recom-
binant protein of which (rAgaG4-T57) was overexpressed,
purified, and characterized using a strategy identical to that
described previously for rAgaG4.
Identification and Characterization of the Active Site Residue

within the Extra Peptide—The protein sequence of AgaG4 was
directly submitted to the SwissModel Automatic Modeling
Model server to search for the homologous contribution of the
three-dimensional structure online (35). The modeled struc-
ture was observed using SPD-Viewer version 3.7 (36).
The computational model showed that the Tyr276 residue

was present at one entrance of the deep active channel andmay
affect the interaction between the enzyme and substrate. To
characterize the role of Tyr276, we employed site-directed
mutagenesis of the pCTFg4 plasmid by swapping the tyrosine

residue into 19 other amino acid residues using rapid PCR
amplification with high fidelity DNA polymerase of Prime-
STARTMMAX Premix (Takara) to form a series of gene muta-
tion products. In addition, to characterize the function of the
two conservative catalytic site residuesGlu154 andGlu159, these
residues were mutated into glycines. Corresponding primer
pairs and gene mutation products are listed in Table 2. Ampli-
fied gene products were individually phosphorylated at the
5�-end, circulated, and transformed into E. coli BL21(DE3)
cells. Isopropyl 1-thio-�-D-galactopyranoside was used to
induce expression at a final concentration of 0.05 mmol/liter.
After a 24-h incubation period at 16 °C, the host cells were
collected by centrifugation, washed with ice-cold water, and
subjected to complete sonication. In another round of centrif-
ugation, individual supernatants were collected and used as the
crude enzyme in agarose degradation tests. The enzymatic
products were assayed using TLC and fluorescent HPLC
techniques.

RESULTS

AgaG4 Sequence Information—To investigate the enzymes
used in agarose degradation in Flammeovirga sp. MY04, we
constructed a fosmid library of its genomic DNA. However,
activity screening failed to identify any agarase-producing
transformants. We then end-sequenced 118 random library
clones to screen for agarase gene sequences. The agaG4 agarase
gene was retrieved from the complete sequencing of the fosmid
clone R012.
The 31,655-bp inserted DNA sequence (GenBankTM num-

ber EU414985) of the R012 clone encodes 18 ORFs, including
the full-length agaG4 gene, which is adjacent to several genes
predicted to encode the degradation enzymes for cellulose and
mannan (supplemental Table S1 and Fig. S1). The agaG4 gene
is 1512 bp and has a low GC content (40%). A BLASTp search
showed that AgaG4, a 503-amino acid protein, shared the high-

FIGURE 1. Schematic diagram of �-agarase AgaG4 and its derivatives. GH16, GH16 module; Linker, a Gly- and Ser-rich region; SSSM, secretion system sorting
module. AgaG4-T57, a deviant of AgaG4 made by deleting the excess 57-amino acid peptide within the GH16 module. PCR primers used in the gene truncation
of agaG4 and heterologous expression of agaG4-T57 are listed in Table 2.
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est sequence identity (98%) to the GH16 �-agarase AgaYT
from Flammeovirga yaeyamensis YT (GenBankTM number
JF261095) (37), followed by the putative GH16 �-agarase
MS116 from Microscilla sp. PRE1 (GenBankTM number
AF339846) (63%) (38) and two GH16 �-agarases AgaD (Gen-
BankTM number CBM41186) (44%) (16, 39) and AgaB (Gen-
BankTM number AAF21821) (37%) (10) from Zobellia galac-
tanivorans. Phylogenetic analysis (Fig. 2A) of �-agarases
indicated that AgaG4, AgaYT, MS116, and AgaD were clus-
tered into the same familial branch. CAZy and SMART analy-
ses (Fig. 1A) indicated that AgaG4 contained an N-terminal
signal peptide, a GH16module, a Ser/Gly-rich linker, and a por
secretion system sorting domain. Previous studies of the struc-
tures of AgaA and AgaB, two �-agarases from Z. galactaniv-
orans Dsij, have revealed that their GH16 modules contain
eight sugar binding sites and two essential catalytic site resi-
dues, which form the catalytic site (10, 18, 40). Similarly, the
amino acid sequence of AgaG4 also contains these conservative
functional sites residues, with the catalytic motif involving
three residues (Glu154, Asp156, and Glu159) in addition to eight
sugar-binding residues (Trp74, Trp145, Trp166, His172, Phe178,
Phe183, Trp194, and Trp332). Online analyses using Signal P3.0
and Liop P1.0 showed that the signal peptide of AgaG4 was
composed of 20 amino acids at the N terminus and belonged to
the class of type I signal peptides, whereas the presence of the
por secretion system sorting domain at the C terminus sug-
gested that the protein was associated with the cell surface.
Multiple sequence alignments (Fig. 2) revealed that, compared
with the previously studied GH16 �-agarases, the GH16 mod-
ule (Gln21–Lys363) of AgaG4 contained an extra function-un-
known fragment (Asn246–Phe302), which, partially conserva-
tive, is also present in AgaYT (Asn246–Gly302) from
F. yaeyamensisYT,MS116 (Lys262–Ser315) fromMicroscilla sp.
PRE1, and AgaD (Asp262–Asn313) from Z. galactanivorans.
Heterologous Expression of agaG4 in E. coli—The full-length

sequence of the agaG4 gene was amplified directly from the
genomic DNA of Flammeovirga sp. MY04 and cloned into the
pBAD/gIII A vector, following a PBAD promoter. In this AgaG4
expression vector, a gIII secretion peptide was added at the N
terminus, and a His6 tag was added at the C terminus. SDS-
PAGE analysis indicated that the rAgaG4 protein had the cor-
rect molecular mass (i.e. 55 kDa). However, the recombinant
proteins formed inclusion bodies and rarely formed soluble
products. Expression of the agaG4 gene in E. coli BL21(DE3)
cells using pET-22b(�), pET-28a(�), or pET-30a(�) vectors
was attempted, but all attempts failed to produce soluble pro-
tein. Although the pCold TF plasmid produced soluble prod-
ucts in E. coli BL21(DE3) cells, the yield was less than 1% of the
total protein (data not shown). The inclusion bodies, which
contained rAgaG4, were extracted from cultures of pBAgaG4-
containing E. coliTOP10 cells using sonication and centrifuga-
tion, followed by step-washing with buffer A supplemented
with 1.0% (w/v) Triton X-100 and 2 M urea, respectively. The
rAgaG4 protein in the inclusion bodies was denatured and dis-
solved using urea, purified by Ni-NTA affinity chromatogra-
phy, and refolded via dialysis. SDS-PAGE analysis (supplemen-
tal Fig. S2) showed that the denatured rAgaG4 protein was
eluted from the Ni-NTA column by gradient concentrations of

imidazole from 50 to 250 mmol/liter, yielding products with
�97% purity and �70% recovery. The purified rAgaG4 was
refolded by dialyzing against TGE buffer at an initial concen-
tration of 150 �g/ml.
Enzymatic Characteristics of rAgaG4 and Its Degradation of

Agarose—The refolded and purified rAgaG4was able to hydro-
lyze agar and agarose but not alginate, carrageenan, �-carra-
geenan, chitin, chitosan, or xylan. The optimal temperature for
the degradation of agarose was 50 °C. The activity of rAgaG4
was stable at lower temperatures and retainedmore than 90%of
its activity after incubation at various temperatures ranging up
to 50 °C. The optimal pH was 7.5. The agarase activity of
rAgaG4was stable at pH 6–9 and retainedmore than 80% of its
activity after 1 h of incubation. The agarase activity of rAgaG4
was completely inhibited by Ag�, Hg2�, and Pb2� and slightly
inhibited by Co2�, Fe3�, Ni2�, Zn2�, EDTA, SDS, and cetylt-
rimethylammonium bromide. In contrast, Na�, Li�, Ca2�, and
Mn2� slightly increased the activity. Notably, 10 mmol/liter
DTT increased the enzymatic activity up to 839%, suggesting
that breaking disulfide linkages may increase the enzymatic
activity of rAgaG4. Under the optimal conditions of 50 °C and
pH 7.5, the specific activity of the rAgaG4 agarase was 144
units/mg.
When incubatedwith agarose as a substrate, rAgaG4 initially

produced high molecular mass oligosaccharides, which were
progressively converted into smaller oligomers, a typical diges-
tion pattern of random endolytic agarases (Fig. 3A). The final
products contained two oligosaccharides, which had Rf values
identical to NA4 andNA6, respectively. The two final oligosac-
charide products were purified using a Superdex peptide
10/300 GL column and identified by MALDI-TOF MS, which
providedmolecular masses (630 and 936 Da) that were consist-
ent with agarose-derived tetra- and hexasaccharides, respec-
tively. Additionally, these two oligosaccharides showed reso-
nances at �97 and 93 ppm in the 13C NMR spectrum
(supplemental Fig. S3), which are characteristic of the �- or
�-anomeric forms of galactose residues at the reducing ends of
neoagaro-oligosaccharides (41).
The dinitrosalicylic acid reducing sugar assay revealed that

rAgaG4 produced �0.48–0.52 mmol/liter reducing oligosac-
charides as final productswhen 0.05% (w/v) agarosewas used as
a substrate. To identify their composition, the final products
of agarose degradation by rAgaG4 were labeled using super-
fluous 2-AB and analyzed using a fluorescent HPLC system
equipped with a BioSep Sec 2000 column. Fluorescently
labeled NA4 and NA6 accounted for more than 99% of the
total agarose degradation products with a molar ratio of
�1.5:1 (Fig. 4A). When the concentration of agarose was
increased to 0.25% (w/v) or when the enzyme rAgaG4 was
brought to a final concentration of 0.10 unit/ml, the prod-
ucts and their ratio were similar. The molar ratio of NA4 to
NA6 indicated that individual oligosaccharides accounted
for half the weight of the final products. These results indi-
cate that AgaG4 is an endo-�-agarase with NA4 and NA6 as
the final agarose degradation products.
Properties of rAgaG4 in the Degradation of Neoagaro-

oligosaccharides—We next prepared agarose oligomers from
agarose that was partially digested by rAgaG4 using a Superdex
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FIGURE 2. Phylogenetic analysis (A) and sequence alignment (B) of AgaG4 based on the protein sequences. The phylogenetic analysis was performed
using the neighbor-joining method in MEGA version 5.1. The numbers on branches indicate the bootstrap confidence values from 1000 replicates. The bar is
equal to the distance corresponding to one amino acid substitution per 10 amino acids. The multiple-sequence alignment of the amino acid sequences of
AgaG4 with other GH16 �-agarases shows the presence of the extra fragments in a red frame and the position of Tyr276 with a black arrow.
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peptide 10/300GL column,which yieldedNA4,NA6,NA8, and
NA10 oligomers (for the corresponding determinations, see
supplemental Fig. S4), for the investigation of the oligosaccha-
ride degradation properties. After the enzymatic reactions, the
final products were labeled using superfluous 2-AB and ana-
lyzed with HPLC. The results showed that rAgaG4 did not
digest NA4 or NA6 but divided NA8 into two NA4 molecules
(Fig. 5, a-A) and NA10 into NA4 and NA6 with equal molar
proportions (Fig. 5, a-B). To determine the degradation pat-
tern, the purified neoagaro-oligosaccharides were individually
labeled using superfluous 2-AB and then enzymatically
digested. Fluorescent HPLC analysis indicated that rAgaG4 did
not degrade 2-AB-labeled NA4 or NA6 but digested 2-AB-la-
beled NA8 into equal amounts of unlabeled NA4 and fluores-
cently labeledNA4 (Fig. 5, b-A).When 2-AB-labeledNA10was
used as the substrate, degradation by rAgaG4 produced unla-

beledNA4 and fluorescently labeledNA6 in equimolar concen-
trations (Fig. 5, b-B). Thus, NA8 is the smallest substrate of
rAgaG4, and the smallest final product is NA4, which was
cleaved from the non-reducing ends of the agarose oligomers or
polymers.
Deletion of the Extra Fragment from AgaG4 and Character-

istics of the Mutant Protein—To investigate the possible func-
tions of the extra peptide in agarose degradation, we created a
mutant gene by deleting the extra fragment (Asn246–Phe302)
from the GHmodule of AgaG4 (Fig. 1). The mutated gene was
heterologously expressed in E. coli, refolded, and purified using
procedures similar to those described for rAgaG4. The
expressed mutant protein, which contained a His6 tag at its C
terminus, was named rAgaG4-T57. Similar to the degradation
patterns of rAgaG4, rAgaG4-T57 only degraded agarose rather
than other polysaccharides. The optimal pH value for the enzy-

FIGURE 3. TLC detection of the agarose degradation products by recombinant agarases rAgaG4 (A) and rAgaG4-T47 (B). M, standard markers of
neoagaro-oligosaccharides ranging from NA2 to NA8.

FIGURE 4. Florescent HPLC analyses of the 2-AB-labeled agarose degradation products by recombinant agarases of rAgaG4 (A) and rAgaG4-T57 (B).
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matic activity remained at 7.5, but the optimal temperature for
rAgaG4-T57 shifted to 40 °C. Moreover, rAgaG4-T57 lost its
agarase activity at temperatures above 60 °C. The presence of
10 mmol/liter DTT increased the enzymatic activity of
rAgaG4-T57 up to 863%. Interestingly, the maximum specific
degradation activity of rAgaG4-T57 on agarose was 77.5 � 0.3
units/mg at 40 °C, which was �7-fold higher than that of
rAgaG4 (11.2 � 0.2 units/mg).

Also similar to rAgaG4, no NA2 was produced in the deg-
radation of agarose by rAgaG4-T57 (Fig. 3B). Notably, there
were three final products from the degradation of agarose by
rAgaG4-T57: NA4, NA6, and NA8, with a molar ratio of
2.7:2.8:1. To confirm these results, we performed the cata-
lytic reaction under various conditions, including doubling
the amount of enzyme and changing the temperature to 40
or 50 °C, but the products and composition ratios were iden-
tical. HPLC analyses (Fig. 4B) indicated that, similar to
rAgaG4, the rAgaG4-T57 protein could not degrade NA4 or
NA6 but degraded NA10 into NA6 and NA4, the latter of
which was produced from the non-reducing end (Fig. 5, b-B).
However, the mutant protein was unable to degrade NA8,
which could be degraded into two molecules of NA4 by
rAgaG4.
Function of the Tyr276 Residue in the Extra Fragment of

AgaG4 in Agarose Degradation—Allouch et al. (10) reported
the structures of AgaA andAgaB inZ. galactanivoransDsij and
determined that the Glu147 and Glu152 sites in AgaA and the

Glu184 and Glu189 sites in AgaB were responsible for the cleav-
age of glycosidic bonds. Multiple alignments showed similar
conserved sites (Glu154 and Glu159) in AgaG4.We created site-
directed mutations at Glu154 and Glu159, changing the amino
acids at these two sites to glycine. The mutant was expressed
using the pCold TF expression system, and the soluble recom-
binant mutant rTFAgaG4-EEMGG was assayed for its degra-
dation ability. Although rTFAgaG4 degraded agarose into NA4
andNA6, themutant rTFAgaG4-EEMGGwas no longer able to
degrade agarose, detected using TLC and fluorescent HPLC
techniques (Fig. 6, A and B). The results suggest that AgaG4
share a similar agarose degradation mechanism with AgaA and
AgaB.
To screen the essential sites for the functions of the extra

fragment, we analyzed the computational structure of AgaG4
by homology modeling using the online SWISS-MODEL pro-
gram, with the crystal structure of the agarase AgaD (Protein
Data Bank entry 4ASMchain B) fromZ. galactanivoransDsij as
a model. The extra fragment extended the substrate binding
cleft of AgaG4 and resulted in a deeper and steeper active cleft,
which is similar to that of the partially conservative fragment in
AgaD (39). The Tyr276 residue was present at one entrance of
the deep active channel, which suggested that the residue may
limit the interaction between the enzyme and substrate.
Accordingly, we created a series of mutations at the Tyr276 site
by swapping the tyrosine residue with 19 different amino acid
residues using site-directed mutagenesis and heterologously

FIGURE 5. Fluorescent HPLC analyses of oligosaccharide degradation products by rAgaG4 and rAgaG4-T57. a, NA8 (A) and NA10 (B) as the substrates; b,
2-AB-labeled NA8 (A) and NA10 (B) as the substrates.
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expressed the mutants in E. coli BL21(DE3) cells using the
pCold TF expression system. The mutated proteins were par-
tially purified for enzymatic assays.
When the Tyr276 residue was changed to phenylalanine

(Y276F) or methionine (Y276M), the agarose degradation
products of the mutants and the molar ratios were similar to
those produced by rAgaG4 (i.e.NA4 andNA6 as the final prod-
ucts; Fig. 4) and rTFAgaG4 (Fig. 6, A and B). However, the
mutants containing a residue swapped with 13 other amino
acid residues produced NA4, NA6, and NA8 as the final degra-
dation products (Fig. 6,A andB), whichwas similar to the result
with the truncated rAgaG4-T57 (Fig. 4). It is noted that when
the Tyr276 residue was changed to glycine (Y276G) or proline
(Y276P), the mutated proteins markedly lost their ability to
degrade agarose (TLC analysis present in Fig. 6A). Further

fluorescent HPLC detection determined that the oligosaccha-
ride productions from the agarose degradation by these two
mutants were both decreased to less than 1% of the original
production by rTFAgaG4 (Fig. 6B). Swapping the tyrosine to
lysine (Y276K) or arginine (Y276R) also led to a significant
decrease of the agarose degradation ability (less than 25% of the
original, calculated from the fluorescent HPLC results). These
four mutants produced NA4, NA6, NA8, NA10, and higher
oligomers (Fig. 6B), seemingly a mixture of incomplete deg-
radation products. The above results suggest that the Tyr276
residue has a crucial function in the agarolytic activity of
AgaG4, especially for the digestion of neoagarooctaose. The
benzene ring of tyrosine and phenylalanine or methyl sulfide
of methionine at this site is decisive for the degradation of
neoagarooctaose.

FIGURE 6. Final degradation products of agarose by crude enzymes of rTFAgaG4 and its mutant proteins, using the TLC (A) and fluorescent HPLC (B)
techniques. One-letter amino acid codes are shown.
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DISCUSSION

The GH module of agarase is well known to be responsible
for its agarolytic activities, producing a series of oligosaccha-
rides with repeating disaccharide units (6, 7). Recent site-di-
rected mutagenesis studies of two GH16 �-agarases, AgaA and
AgaB fromZ. galactanivorans, have demonstrated that the res-
idues adjacent to some of the active site residues have signifi-
cant effects on the properties of the enzyme, such as the
enzymatic activity, optimal catalytic temperature, and thermo-
stability (20, 21). DNA shuffling of AgaB, a GH118 �-agarase of
Pseudoalteromonas sp. CY24, also indicated that hydrophobic
interactions are essential for increasing its thermostability (19).
The studies present in this paper provide further insights into
the influences of sequence variations in the GHmodule on the
enzymatic characteristics of the enzyme.
Among the studied �-agarases, AgaYT of F. yaeyamensis

strain YT (37), AgaD of Z. galactanivorans DSij (39), the pre-
dicted protein MS116 ofMicroscilla sp. PRE1 (38), and AgaG4
of Flammeovirga sp. MY04 are clustered into their own branch
of the phylogenetic tree of �-agarases, mainly due to the pres-
ence of a particularly conservative extra peptide in the GH
module of these proteins. The final agarose degradation prod-
ucts of rAgaG4were chemically characterized asNA4 andNA6
but no NA2, with a molar ratio of �1.5:1. Similar to AgaG4,
AgaD also produced NA4 and NA6 as the final products of
agarose degradation (39). Deleting the extra fragment from the
GHmodule of AgaG4 (rAgaG4-T57) not only changed its enzy-
matic characteristics, such as enzymatic activity, optimal cata-
lytic temperature, and the range of the optimal catalytic tem-
perature, but also the composition of the final agarose
degradation products. The truncated protein was unable to
degrade NA8 but retained the ability to degrade NA10. The
results showed that the extra fragment within the GH16 mod-
ule of AgaG4 plays multiple roles in the degradation of agarose,
particularly in the digestion of the intermediate product, NA8.
Hehemann et al. (39) found that the AgaD extra peptide

formed a loop structure. The extra peptide loop extended,
together with two other loop insertions within the GH16 mod-
ule, into the substrate-binding cleft, forming a larger size than
those ofAgaA andAgaB,which donot harbor the extra peptide.
The Tyr296 residue within the peptide, along with the aromatic
sugar-binding residues in the catalytic groove of AgaD, con-
structed a hydrophobic binding site platform, and it was con-
sidered the key site essential for binding to oligosaccharides at
their reducing ends (39). The tyrosine residue is conserved in
AgaD (Tyr296), AgaYT (Tyr276), MS116 (Tyr290), and AgaG4
(Tyr276). The computationalmodel also showed thatTyr276was
present at one entrance of the deep active channel of AgaG4
and may affect the interaction between the enzyme and sub-
strate. We swapped the residue with 19 different amino acid
residues. The results showed that the Tyr276 residue within the
extra fragment is essential for the degradation of neoaga-
rooctaose. When this site residue harbored a benzene ring (the
original tyrosine or swapped phenylalanine) or a methyl sul-
fide-based structure (methionine), the enzyme retained its
rAgaG4 activity (i.e. completely degrading agarose into NA4
and NA6). If the Tyr276 residue was mutated to other amino

acids, themutant proteins retained their ability to produceNA4
andNA6 in agarose degradation but with NA8 accumulation at
different degrees. Previous studies reported that the sugar bind-
ing sites involved in the hydrophobic stacking interactions with
glycoside rings usually contain aromatic structures at their
residual side chains, such as the benzene rings of tyrosine and
phenylalanine, the benzazole ring of tryptophan, and the
imidazole ring of histidine (10). Our swapping experiments
indicated that both the benzene ring and the methyl sulfide
at position 276 were decisive for recognizing and binding to
neoagarooctaose.
In conclusion, AgaG4 is aGH16�-agarase that degrades aga-

rose into NA4 and NA6 as the final products. The GH module
of AgaG4 contains a 57-amino acid extra peptide that is not
only essential for its ability to degrade NA8 but also affects the
enzymatic characteristics of the enzyme. The Tyr276 site resi-
due within this particular fragment is decisive for binding and
degrading NA8. A benzene ring of tyrosine or phenylalanine or
a methyl sulfide of methionine at the 276 site is suggested to be
essential for degrading agarose completely into NA4 and NA6.
Therefore, modification of active site residues of an agarase
may markedly change its degradation pattern.
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