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Introduction

Agar is a kind of linear polysaccharide that exists in the 
cell walls of red algae, especially the genus of Gracilaria 
and Gelidium. Agar is generally composed of agarose and 
agaropectin [3]. Agarose is composed of a repeating unit of 
alternating 1,4-linked 3,6-anhydro-α-l-galactosyl residues 
and 1,3-linked α-d-galactosyl residues, while the structure 
of agaropectin additionally contains sulfate groups in C6 
position of galactosyl residues and forms l-galactose-6-sul-
fate [1]. Incorporation of sulfate groups in agar usually 
weakens gel strength due to the avoidance of a cross-linked 
structure during gelation [2].

Arylsulfatases existed in microorganisms, animal tis-
sues, and even some plant seeds [29] catalyze the hydrol-
ysis of arylsulfate esters to aryl compounds and inorganic 
sulfate. Most studies on microbial arylsulfatases have 
focused on pathogenic bacteria such as Klebsiella pneu-
moniase [23], Salmonella typhimurium [13], Pseudomonas 
aeruginosa [4], and Escherichia coli [14]. An arylsulfatase-
producing marine bacterium was isolated and identified 
as Sphingomonas [7] and the gene encoding arylsulfatase 
was cloned [20] for cleaving the sulfate ester bonds in agar. 
Only arylsulfatase from Sphingomonas sp. AS 6330 had 
been purified and estimated for improving the agar quality 
[16].

Agarose can be used as the medium for electrophoresis 
and chromatographic resin, which were widely utilized in 
biotechnology and pharmaceutical industries. With increas-
ing demand of agarose, more researches deal with the elim-
ination the sulfate groups for improving the gel strength of 
agar [12]. There is evidence that the agar quality in terms 
of gel strength depends on the content of 3,6-anhydroga-
lactopyranosyl (3,6-AG). The alkali treatment is the tradi-
tional method widely used in the agar industry to remove 
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the primary sulfate groups of the galactopyranosyl unit and 
convert the galatopyranhosyl to 3,6-AG [11]. However, the 
alkali treatment has many drawbacks, such as the reduction 
of polysaccharide yield, the formation of brown color in 
agar product, and the pollution of environment [22]. There-
fore, the replacement of chemical processing by enzymatic 
process can resolve those problems.

In this study, an arylsulfatase-producing marine bacte-
rium was isolated and identified. The enzyme activity was 
confirmed by the hydrolysis of p-nitrophenyl sulfate and 
sulfate ester bond in agar. A purification procedure for aryl-
sulfatase produced by this strain was established and the 
enzymatic properties were characterized. This is the first 
report on the purification of arylsulfatase from bacteria 
of genus of Marinomonas. What is more, the pH stability 
facilitated the industrial utilization of enzymatic producing 
of agarose at alkaline pH condition.

Materials and methods

Materials

DEAE-Sepharose FF and Sephacryl S-100HR were pur-
chased from Amersham Pharmacia Biotech (Uppsala, Swe-
den). p-nitrophenyl sulfate (pNPS), p-nitrophenl (pNP), 
and commercial agarose were obtained from Sigma Co. 
(St Louis, MO, USA). Molecular mass marker for sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) was from Bio-Rad (Hercules, CA, USA). Chemi-
cals that were used in this study were of analytical grade.

Screening and identification of bacteria producing 
arylsulfatase

Seawater, seaweed and sea sediment were collected from 
the coastal area of Qingdao, China. After enrichment cul-
ture, the supernatant was diluted by 100, 1000, 10000 times 
with sterile water and then plated onto screening culture 
medium plate (5 g peptone, 2 g yeast extract, 20 g agar, 1 L 
artificial seawater, pH of 7.5) including 0.1 mL 5 M pNPS. 
There was a yellow circle around the bacteria producing 
arylsulfatase incubated for 2 days at 28 °C. Isolated bacte-
ria in glycerol were stored at −80 °C for further use.

Three arylsulfatase-producing strains were isolated. 
Only strain K2 was used for the identification because of its 
best performance. Series of taxonomic characteristics such 
as gram staining, motile, oxidase, catalase, lipases were 
performed to identify and characterize the isolated micro-
organism. Chromosomal DNA of strain K2 was isolated 
using the method of Chelex [26]. The 16S ribosomal RNA 
(rRNA) gene fragment was amplified using polymerase 
chain reaction (PCR) with the universal primers 27F and 

1492R. The amplification was performed using a GeneAmp 
PCR System 9700 (Applied Biosystems, Foster City, CA, 
USA). The PCR fragment was purified using a Solgent 
PCR purification kit (Solgent, Daejeon, Korea). Sequenc-
ing was performed on an ABI Prism 3730 DNA analyzer 
using an ABI BigDye cycle sequencing kit with Solgent 
EF-Taq DNA polymerase (Solgent). The 16S rRNA gene 
sequence was compared with sequences in nucleotide data-
base using the BLAST algorithm at the NCBI site.

Medium composition and culture condition

For arylsulfatase production, the microorganism was cul-
tured in a fermentation medium at 35  °C with shaking at 
130 rmp for 72 h. The fermentation medium was prepared 
by artificial seawater (3  % NaCl, 0.412  % MgCl2·6H2O, 
0.1  % KCl, 0.02  % CaCl2, 0.013  % K2HPO4·3H20, 
and 0.002  % FeCl2·4H2O) supplemented with 0.09  % 
MnCl2·4H2O, 0.043  % Na4P2O7·10H2O, 0.25  % agar, 
0.2 % yeast, and 0.5 % peptone. The initial pH was adjusted 
to 7.5 by 1 M NaOH.

Enzyme assay and protein determination

In this study, the arylsulfatase produced by strain K2 was an 
intracellular enzyme. The enzyme solution was collected 
by centrifugation of the cell lysate and diluted. After dilu-
tion, 1 mL of diluted enzyme solution was incubated with 
0.5 mL of 5 mM pNPS (pH 9.0) at 45 °C for 1 h. The reac-
tion was ended by adding 1 mL of 0.5 M NaOH solution. 
Arylsulfatase activity was determined by measuring the 
amount of formed pNP at 410 nm. Enzyme activity (U) was 
defined as the absorbance equivalent of 1 μmol pNP pro-
duced per minute per milliliter of enzyme solution under 
the experimental condition. The relative protein concentra-
tion was estimated by the method of Bradford using bovine 
serum albumin as the strand protein [6].

Enzyme purification

All the purification procedures were performed at 4 °C. 1 L 
of culture fluid was centrifuged at 12,000×g for 10  min. 
The cell pellet was suspended in 100 mL buffer A (20 mM 
Tris–HCl buffer, pH 7.2) and sonicated for 40  min in ice 
water. The sonicated cell suspension was centrifuged at 
12,000×g for 15  min, and the supernatant was concen-
trated by ultrafiltration (10-kDa cutoff membrane, Milli-
pore, Bedford, MA, USA) to 50 mL. After dialysis against 
buffer A overnight, the solution was applied to a DEAE-
Sepharose column (2.6 × 30 cm) equilibrated with buffer 
A. Bound proteins were eluted with 800 mL linear gradient 
of 0–0.75 M NaCl in equilibration buffer at a flow rate of 
2  mL/min (6  mL/tube). Main active fraction was pooled, 
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concentrated to 2 mL, and dialyzed against buffer A con-
taining 0.14 M NaCl. The enzyme solution was applied to 
a Sephacryl S-100 HR column (1.6 × 36 cm), equilibrated 
with buffer A containing 0.14  M NaCl. Bound proteins 
were eluted with the same buffer at a flow rate of 0.5 mL/
min (2 mL/tube). Active fractions were pooled and used for 
further study.

Determination of molecular weight

The purified enzyme was applied to sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) on 
12 % polyacrylamide gel containing 0.1 % SDS according 
to the method of Laemmli [19]. After electrophoresis, pro-
tein bands were detected by staining the gel with Coomas-
sie Brilliant R-250. Molecular mass markers were obtained 
from GeneDirex (Taoyuan, Taiwan).

Effects of temperature and pH on enzyme activity 
and stability

The effect of temperature on arylsulfatase activity was 
determined using the enzyme activity assay at each tem-
perature (25–85  °C) at pH 9.0. The effect of pH on aryl-
sulfatase activity was assayed by replacing Tris–HCl buffer 
(pH 9.0) with 10 mM of each buffer: citrate-Na2HPO4 (pH 
4.0–7.0), Tris–HCl (pH 7.0–9.0), and glycine-NaOH (pH 
9.0–12.0) at 45 °C. The temperature stability of the arylsul-
fatase was determined by pre-incubating the enzyme solu-
tion at each temperature (25–85 °C) and pH 9.0 for 1 h, and 
then the residual enzyme activity was determined. The pH 
stability of the arylsulfatase was determined by pre-incu-
bating the enzyme solution at each pH (4–12) and 45  °C 
for 1  h, and then the residual enzyme activity was deter-
mined by adjusting the pH with Tris–HCl (0.1 M, pH 9.0). 
The relative activity was defined as the percentage of activ-
ity determined with respect to the maximum arylsulfatase 
activity.

Effects of various reagents on enzyme activity

The effects of metal ions, denaturants, chelators, reduc-
ing reagents, and acid radicals on enzyme activity were 
assayed by mixing reagent into the reaction mixture. The 
relative activity was defined as the percentage of activity 
determined with respect to that measured under the stand-
ard condition described previously.

Estimation of kinetic parameter

Apparent Km and Vmax were calculated using linear regres-
sion analysis of Lineweaver–Burke [21], double-reciprocal, 
plots of initial velocity data. To obtain kinetic parameters, 

the reactions at 0.05‒0.5 mM pNPS were performed under 
the optimum condition.

Desulfation of agar

The purified arylsulfatase was applied to degrade the sul-
fate groups of agar. Each red seaweed Gelidium amansii 
and Gracilaria lemaneiformis agar (5 g) was suspended in 
50 mL of 0.1 M Tris–HCl buffer (pH 9.0) and liquefied at 
121 °C for 30 min. After cooling down to 45 °C, 200 U of 
purified arylsulfatase was added to the agar and incubated 
overnight at 45  °C. After reaction, the obtained carbohy-
drates were extracted and dried using a traditional freez-
ing–melting and drying method. The amount of sulfate in 
the enzymatically produced carbohydrates was measured 
using the method of BaCl2-gelatin [9]. The FT-IR spec-
trum was used to compare the structure of G. amansii 
agar before and after the enzymatic treatment by purified 
arylsulfatase.

Application of enzymatic product in agarose gel 
electrophoresis

Agarose gel electrophoresis was performed using the enzy-
matically desulfated G. amansii agar, and the commercial 
agarose was used as the control. The experiment was per-
formed with 0.8  % of gel and two DNA ladders of 250–
15,000 and 100–2000  bp using a mini-sub cell GT 8 gel 
rigs (Bio-Rad) according to the method of Sambrook [25].

Results

Isolation and identification of arylsulfatase‑producing 
strains

Three bacteria capable of degrading pNPS on the agar 
plate were isolated from seaweed samples, preliminary 
named as A, H, and K2. Strain K2 showed the most clear 
yellow circle around the colonies by releasing of pNP and 
the highest activity. Hence, the strain K2 was selected for 
further study.

The K2 strain was found to be a rod-shaped Gram-
negative bacterium. K2 growed in 1 % NaCl and seawa-
ter, while it did not grow in distilled water. The other 
physiological and biochemical characteristics are listed in 
Table 1. 16S rRNA sequence of the strain K2 was deter-
mined and compared to the known 16S rRNA sequences 
in the NCBI GenBank (Accession No. lcl 69432). The 
16S rRNA gene sequence of strain K2 showed highest 
similarity of 98 % to that of Marinomonas sp. bacterium. 
The phylogenetic analysis was done using the sequence 
data of 16 type strains of Marinomonas sp. bacteria. The 
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result of the phylogenetic analysis showed that the strain 
K2 belonged to the Marinomonas sp. (Fig. 1) and named 
as Marinomonas sp. FW-1. The strain was deposited in 
the China Center for Type Culture Collection with the 
number of M 2013613.

Purification of arylsulfatase

The arylsulfatase was purified using DEAE-Sepharose 
and Sephacryl chromatographies (Fig.  2). The purifica-
tion procedure from cell lysate is summarized in Table 2. 
Through DEAE-Sepharose chromatography, the target 
protein was purified by sixfolds with a yield of 58  %. 
The major activity peak was coincident with the protein 
peak, which was eluted with NaCl gradient of 0.4–0.45 M 
(Fig.  2a). Through Sephacryl chromatography (Fig.  2b), 
the target protein was purified by 12 folds with a yield of 
13 %.

Samples from each purification procedure were loaded 
onto SDS-PAGE (Fig.  3). The single band of SDS-PAGE 
(lane 4) revealed that enzyme was purified to homogeneity 
with the molecular mass of 33 kDa.

Effects of temperature and pH on enzyme activity 
and stability

The temperature profile of arylsulfatase is shown in 
Fig.  4a. The optimal temperature for arylsulfatase was 
45 °C. This enzyme showed more than 80 % of the maxi-
mum activity at temperature ranges of 35–55 °C. The aryl-
sulfatase possessed 85 % activity after incubation at 55 °C 
for 1 h and quickly inactivated as temperature increased. 
These results indicated that arylsulfatase was thermostable 
up to 55 °C.

The pH profile of arylsulfatase is shown in Fig. 4b. The 
enzyme activity increased until pH 9.0, at which the maxi-
mum activity was observed. At pH 10.0, the enzyme activ-
ity rapidly decreased. The enzyme was most stable at pH 
9.0 and 90  % of activity was retained after incubation at 
wide pH ranges of 8.0–11.0 for 1 h.

Effects of various reagents on enzyme activity

The effects of various metal ions on the enzyme activity are 
shown in Table 3. Most metal ions (Ca2+, K+, Ba2+, Mg2+, 
Mn2+ and Sn2+) had no effects on enzyme activity. Addi-
tion of 1 mM Fe2+ and Fe3+ ions were found to increase 

Table 1   Physiological and biochemical characteristics of strain K2

+, positive; −, negative

Characteristic K2 Characteristic K2

Color of colony Yellow–white Esterase −
Motility − Ornithine decarboxylase −
Oxidase − Lysine decarboxylase −
Catalase + Denitrification −
Hydrolysis of gelatin − Arginine decarboxylase +

Fig. 1   Phylogeny of strain FW-1 based on 16S rRNA
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the activity of the enzyme by more than 10 %. On the other 
hand, the activity was inhibited by Zn2+ or Cu2+ ions. No 
significant activation or inhibition of arylsulfatase was 
observed by acid radicals in Table  4. SH-inhibitor HgCl2 
was strongly inhibitory, causing about 80  % inhibition, 
even at a concentration of 1 mM. Furthermore, the effects 
of several reagents such as reducing reagents, chelators and 
detergents on the enzyme action are shown in Table 5. SDS 
at 1 and 10 mM were found to depress the activity by 80 
and 99 %, respectively, whereas urea at 10 mM inhibited 
less.

Kinetic parameters

The Km and Vmax values of arylsulfatase calculated from 
Lineweaver–Burke plot are shown in Fig.  5. The Km and 
Vmax values of arylsulfatase for the hydrolysis of pNPS 
were 13.73 and 270.27 μM/min, respectively.

Desulfation of agar

The purified arylsulfatase was applied to remove the sulfate 
groups of the agar from G. amansii and G. lemaneiformis 

Fig. 2   Purification of arylsul-
fatase produced by Marino-
monas sp. FW-1. a DEAE 
Sepharose FF column chroma-
tography. b Sephacryl S-100HR 
column chromatography

(a)

(b)

Table 2   Purification of 
arylsulfatase from FW-1

Procedure Total protein (mg) Total activity (U) Specific activity (U/mg) Yield (%) Fold

Cell homogenate 13.35 215 16.10 100 1

DEAE Sepharose 1.29 124 96.12 58 6

Sephacryl S-100HR 0.16 28 193.07 13 12
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under optimum enzyme reaction condition. As shown in 
Table  6, after enzymatic treatment, the sulfate content 
of G. amansii decreased remarkably from 1.08 to 0.15 % 
with the desulfation ratio of 86.11 %. In the same way, the 
sulfate content of G. lemaneiformis decreased remarkably 
from 1.08 to 0.15 % with the desulfation ratio of 89.61 %. 
The peak of 1250 cm−1 in FT-IR spectra was attributed to 
sulfate groups [27]. The FT-IR spectra (Fig.  6) indicated 
that the peak signal in 1250  cm−1 significantly decreased 
after enzymatic treatment using the purified arylsulfatase.

The enzymatic produced carbohydrate was applied to 
agarose gel electrophoresis (Fig.  7). Both the gel showed 
good separation resolution of large DNA fragments of 
5–10 kb and small DNA fragments 5–10 kb. There was no 
difference between the spectra of the enzymatic product in 
this study and the commercial agarose.

Discussion

Among arylsulfatase-producing bacteria that have been 
reported [4, 7, 13, 14, 23], few species, such as Sphingomonas 

sp. AS6330 [16] and Pseudoalteromonas carrageenovora 
[17], can degrade sulfate bonds in agar and other species, such 
as S. typhimurium [13], P. aeruginosa PAO [4], Streptomyces 
sp. T109-3 [28], and Aspergillus oryzae [5], are applied in 

Fig. 3   SDS-PAGE analysis of arylsulfatase produced by Marino-
monas sp. FW-1. Lane 1 molecular mass markers, lane 2 cell 
homogenate, lane 3 after DEAE Sepharose, lane 4 after Sephacryl 
S-100HR

(a)

(b)

Fig. 4   Effects of temperature and pH on enzyme activity and stabil-
ity. a Temperature profiles were checked at different temperatures 
(25–85 °C) in 0.1 M Tris–HCl (pH 9.0). b pH profiles were checked 
at 45 °C in different buffers (pH 4.0–12.0)

Table 3   Effects of metal ions on the activity of arylsulfatase

Reagents Concentration (mM) Relative activity (%)

None 100 ± 0.06

K+ 1 103 ± 0.58

Ca2+ 1 98 ± 1.17

Ba2+ 1 103 ± 0.88

Zn2+ 1 43 ± 0.58

Mg2+ 1 100 ± 1.05

Mn2+ 1 84 ± 1.08

Sn2+ 1 72 ± 2.01

Fe2+ 1 122 ± 0.67

Fe3+ 1 113 ± 1.46

Cu2+ 1 16 ± 0.02
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the pharmacy industry. Given the wide application of agarose 
and the disadvantages of traditional purification methods, this 
work aimed to study arylsulfatases applied in desulfation of 
red seaweed agar. 16S rRNA sequence analysis identified 
the isolated strain as Marinomonas. Database search (http://
www.expasy.org/) and literature review revealed that this 
study was the first to report that bacteria in the genus Marino-
monas could produce arylsulfatase.

Marinomonas arylsulfatase was purified to homogene-
ity through ion exchange and gel filtration chromatography. 
The properties of three agar desulfation arylsulfatases are 
shown in Table  7. The calculated molecular mass of the 
purified enzyme through SDS-PAGE was 33  kDa. Two 
agar desulfation arylsulfatases, with molecular masses of 
62 and 33 kDa, were also purified [16, 17], and other aryl-
sulfatases exhibited molecular masses ranging from 33 to 
62 kDa [4, 5, 24, 28]. The molecular mass of Marinomonas 
arylsulfatase belonged to the latter range.

Marinomonas arylsulfatase exhibited maximum activ-
ity at 45  °C, which was similar to the results of the two 
agar desulfation arylsulfatases [16, 17]. Nevertheless, 
the thermo-stabilities of agar desulfation arylsulfatases 
were not reported [16, 17]. Arylsulfatase was stored at 
4  °C for 7–14  days without losing enzyme activity (data 
not shown), indicating the excellent stability of arylsul-
fatase. The enzyme also remained stable when incubated 
for 60  min at 55  °C. By contrast, arylsulfatase from the 
pathogenic bacteria P. aeruginosa PAO was inactivated 
when subjected under the same condition [4]. The enzyme 
activity of Marinomonas arylsulfatase ceased completely 
after incubation at 65 °C for 60 min, which could be due 
to thermal denaturation of the enzyme. When the enzyme 
was incubated for more than 10 h, it still possessed 98 % 
of the activity (data not shown). Agar must be heated and 
stirred to maintain its liquid state, which could be effi-
ciently treated by arylsulfatase. Thus, temperature stability 
could facilitate the industrial application of arylsulfatase in 
the liquid form of agar at 45 °C.

Arylsulfatases can be divided into two groups according 
to their optimal pH values: the first group exhibited opti-
mal activity at pH of 6.5–7.1 and the other group at 8.3–9.0 
[4]. Arylsulfatases from Sphingomonas sp. AS6330 [16], 
P. carrageenovora [17], S. typhimurium [13], and Kleb-
siella aerogenes [24] showed optimal pH values of 6.7–7.5, 
and these enzymes belonged to the first group. Marino-
monas arylsulfatase showed an optimal pH of 9.0 and was 

Table 4   Effects of acid radicals on the activity of arylsulfatase

Reagents Concentration (mM) Relative activity (%)

None 100 ± 0.06

(NH)4SO4 5 112 ± 0.03

Na2SO4 5 103 ± 0.03

NaCl 5 96 ± 0.02

KCl 5 95 ± 0.03

K2HPO4 5 104 ± 0.01

K2SO4 5 98 ± 0.01

Na3PO4 5 107 ± 0.06

Table 5   Effects of various reagents on the activity of arylsulfatase

Reagents Concentration (mM) Relative activity (%)

None 100 ± 0.06

DMSO 10 100 ± 3.01

Urea 10 99 ± 0

SDS 1 19 ± 0.10

10 1 ± 0.14

EDTA 1 92 ± 0.23

10 19 ± 1.03

1,10–phenanthroline 1 74 ± 0.05

Cysteine 1 61 ± 0.14

Mercaptoethanol 1 41 ± 0.04

HgCl2 1 21 ± 1.23

Fig. 5   Lineweaver–Burke plots to determine the kinetic parameters 
of purified arylsulfatase acting on pNPS

Table 6   Effects of enzymatic treatment by purified arylsulfatase on agar of red seaweeds Gelidium amansii and Gracilaria lemaneiformis

Substrate Sulfate content before enzyme treatment (%) Sulfate content after enzyme treatment (%) Desulfation ratio (%)

Gelidium 1.08 ± 0.03 0.15 ± 0.02 86.11

Gracilaria 0.77 ± 0.03 0.08 ± 0.01 89.61

http://www.expasy.org/
http://www.expasy.org/
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classified to the second group. Only arylsulfatase from 
Streptomyces sp. T109-3, which is used for cancer therapy, 
presented an optimal pH of 8.5 but was stable at narrow pH 
ranges of 8–9 [28]. Agar is stable under alkaline conditions, 
but can be degraded under acidic conditions. To avoid 
backbone degradation and maintain the gel strength, we 
performed enzymatic desulfation under alkaline condition. 
Therefore, the optimal pH under alkaline condition and the 
pH stability of Marinomonas arylsulfatase may benefit its 
industrial applications.

The Km and Vmax values of Marinomonas arylsulfatase 
differed from those of Sphingomonas [16], P. carrageeno-
vora [17], and P. aeruginosa PAO [4]. The Km values for 
pNPS hydrolysis by arylsulfatase purified from P. carra-
geenovora and Sphingomonas sp. AS6330 were estimated 

to be 54.9 and 1150 μM, respectively [16, 17]. In compari-
son with P. carrageenovora and Sphingomonas sp. arylsul-
fatases, Marinomonas arylsulfatase presented a lower Km 
value, indicating its superior property.

Arylsulfatases exhibited different resistance levels to 
acid radicals. For example, a group of arylsulfatases exhib-
ited resistance to acid radicals, such as phosphates, sulfates, 
and chlorides, and other groups were suppressed by acid 
radicals [28]. As shown in Table 4, Marinomonas arylsul-
fatase exhibited resistance to acid radicals, similar to P. 
aeruginosa PAO [4].

Two reviews suggested the classification of arylsul-
fatases [8, 15]. Kertesz [15] classified arylsulfatases into 
three groups based on the type of substrates: the first group 
was named as bacterial arylsulfatases, and enzymes in this 

Fig. 6   FT-IR spectra of Gelid-
ium amansii agar before (a) and 
after (b) enzymatic treatment by 
purified arylsulfatase

(a)

(b)
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group can cleave the O–S bond of the substrates; the sec-
ond group was named as alkylsuldatases; long chains of 
these enzymes can break the C–O bond of the substrates, 
whereas short-chains can break the O–S bond; and the third 
group was named as carbohydrate sulfatases, and these 
enzymes can act on glycosaminoglycans as substrates. Cre-
gut and Rondags [8] divided arylsulfatases into two groups 
based on different properties and application domains: the 
first group of arylsulfatases was considered sulfur metab-
olism-linked arylsulfatases, which were used at the cel-
lular level for recovery of inorganic sulfate under sulfate 

starvation conditions; and the second was named as carbo-
hydrate sulfatases, which were used to recover the organic 
skeleton of sulfated organic molecules. No glycine or ser-
ine residues were found in the catalytic site of the second 
sulfatase group; conversely, these residues were important 
in the catalytic site of the first sulfatase group [8, 17]. The 
category of this Marinomonas arylsulfatase will be deter-
mined after investigating the amino acid residues on the 
active site through gene cloning.

As shown in Tables  3 and 5, metal ions, such as Fe2+ 
and Fe3+, enhanced the activity of arylsulfatases, whereas 
EDTA inhibited enzyme activity. This result indicated 
that metal ions played an important role during the cata-
lytic process of this enzyme. The presence of SDS strongly 
inhibited enzyme activity even at low concentrations, 
which could be due to binding of the detergent alkyl chain 
to the hydrophobic protein [4].

Sulfate content is an important quality criterion of agar 
or agarose as it indicates the level of charge in agar [12]. 
Laas [18] concluded that low sulfate content resulted in 
low electroendomosis (EEO). Low EEO agarose may also 
result in high resolution in agarose electrophoresis. There-
fore, desulfation must be performed to apply agar as an 
electrophoresis medium. Thus far, conventional methods 
for agarose production have focused mainly on reduction 
of sulfate content using selective adsorption through chro-
matography or fractionation with organic solvents [11]. 
Although both methods successfully decreased sulfate con-
tent, agarose yield was low ranging from 25 to 30 % [10]. 
Arylsulfatase is an ideal candidate used to simplify the 
process of agarose preparation under mild conditions and 
remove sulfate groups in agar with a high recovery rate. 
After incubating 200 U arylsulfatase at 45 °C overnight, the 
sulfate content decreased by more than 86 %, which dem-
onstrated that Marinomonas arylsulfatase was an efficient 
catalyst for removing sulfate groups in agar. The FT-IR and 
electrophoresis spectra further revealed the excellent prop-
erties of the enzymatic product.

In conclusion, this novel alkaline arylsulfatase was puri-
fied from Marinomonas sp. FW-1. The thermal and pH sta-
bility of this enzyme distinguished it from other reported 

Fig. 7   Agarose gel electrophoresis using the gel of Gelidium amansii 
agar after enzymatic treatment by purified arylsulfatase (a) and com-
mercial agarose (b)

Table 7   Properties of agar desulfation arylsulfatases

‒, not reported

Organism Molecular mass  
(kDa)

Optimal  
pH

Optimal temperature  
(°C)

Stable  
pH

Stable temperature  
(°C)

Km  
(μM)

References

Marinomonas sp. FW-1 33 9.0 45 8–11 55 13.73 This study

Pseudoalteromonas  
carrageenovora

36 8.5 40–45 ‒ ‒ 1150 [17]

Sphingomonas sp. 
AS6330

62 7.0 45 ‒ ‒ 54.9 [16]
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arylsulfatases. As Marinomonas arylsulfatase exhibited 
excellent properties, it could be potentially applied to 
produce agarose, which will be used as electrophoresis 
medium and chromatographic resin. To facilitate large-
scale production of arylsulfatases, further studies must 
focus on cloning and expressing this enzyme.
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