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Abstract: Arylsulfatases exhibit great potential in industry for desulfation applications, but less is
known about the metallo-f3-lactamase (MBL) fold arylsulfatases. To learn more about them, an MBL
fold arylsulfatase from Pseudoalteromonas atlantica Téc (PaAst) was identified and characterized, and
its structure was elaborated in this study. PaAst was sequence analyzed, heterologously expressed
in E. coli, purified by Ni2*-NTA resin affinity chromatography and size-exclusion chromatography,
functionally studied by p-nitrophenyl sulfate (tNPS), and crystallized for structure determination.
The MBL fold arylsulfatase was identified by sequence analysis and confirmed by enzymatic assay
on pNPS with Ky, 1.00 mM and Vimax 60.80 U/mg at 50 °C and pH 7.5. Furthermore, its crystals were
obtained in 0.2 M sodium thiocyamate, 20% PEG3350, and its structure was determined at 2.0 A that
formed a dimer with MBL fold. Our work highlighted the MBL fold arylsulfatases from structural
insights and could be the theoretical foundation for investigations into their catalytic mechanism.
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1. Introduction

Sulfatase (EC 3.1.6.X) is a large family of hydrolytic enzymes found in varies species,
ranging from bacteria to humans, catalyzing the hydrolysis of sulfate ester bonds [1-3].
It has been classified into three distinct types, with the best studied, type I, identified as
the Cx-formylglycine-dependent arylsulfatases characterized by a unique formylglycine
(FGly) posttranslationally modified from an active-site serine or cysteine [2,4,5]. The
sulfatases (type II) consist of the Fe?* a-ketoglutarate-dependent deoxygenate superfamily
that require o-ketoglutarate as a cosubstrate [6-8], while the type III sulfatases were not
reported until Hagelueken et al., in 2006, determined the crystal structure of SdsAl, a
metallo-p-lactamase (MBL)-related alkylsulfatase from Pseudomonas aeruginosa [4]. Since
then, a variety of MBL fold alkylsulfatases had been classified into sulfatases (type III), for
example, SdsA from Pseudomonas sp. ATCC19151 [9], SAsAP from Pseudomonas sp. S9 [2,10],
and Pisal from Pseudomonas sp. DSM6611 [11]. However, evidence also exists for the
arylsulfatases sharing MBL fold, implicating AtsA from Pseudoalteromonas carrageenovora
and a series of AtsA-like arylsulfatases [3,12-14]. Until now, this type of arylsulfatases
could not be classified.

MBL fold sulfatases regulate the sulfation states of substrates, and it is suggested that
sulfatases (type III) can degrade sodium dodecyl sulfate (SDS), with SdsAl allowing its
hosts to use SDS as a sole carbon or sulfur source [2,4,10]. SDS has been extensively used
as an anionic surfactant in industries and daily life, which may cause secondary pollution
to the environment [2,15]. Agar and its important component, agarose, have also been
widely used in food, cosmetic, biological and pharmaceutical industries, and the removal
of their sulfate groups by arylsulfatases could improve the gelling strength and purity
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greatly [13,16]. AtsA and its homologous arylsulfatase, PFAST from Pyrococcus furiosus
DSM3638, have been proven to exhibit activities towards an artificial aromatic sulfate,
p-nitrophenyl sulfate (NPS), and sulfated marine polysaccharide, agar [14]. Therefore,
microbial MBL fold sulfatases are of great industrial interest due to their potential in the
biodegradation of SDS and desulfation of marine sulfonated polysaccharides that could
be environmental friendly and cost saving with less chemical solvents and reduced waste
discharge [10,13,14,17].

Several investigations have been done to determine the structures of type III alkylsul-
fatases, and the MBL fold proteins exhibit diverse features [10,18]. SdsA1l, SdsAP, and Pisal
share a similar overall structure consisting of an MBL fold domain, a dimerization domain,
and a sterol carrier protein type 2 (SCP-2)-like fold domain; however, SdsAl and SdsAP are
primary alkylsulfatases capable of hydrolyzing the primary alkyl sulfates, for example, SDS,
while Pisal is a secondary alkylsulfatase hydrolyzing the secondary alkyl sulfates, such
as rac-2-octyl sulfate [4,10,11]. The difference could be attributed to the structure of their
active site regions. Studies on MBL fold arylsulfatases have focused on their enzymatic
characteristics and engineering in the past decades, for example AtsA [3,12-14], but limited
structural information was found. Structural analyses of them were based on structure
homology modelling. Furthermore, it has long been assumed that all arylsulfatases belong
to the type I arylsulfatases containing a conserved FGly motif with few exceptions [12,19],
ignoring the AtsA-like arylsulfatases. The catalytic mechanism of these arylsulfatases
was uncertain.

For better knowledge and application of arylsulfatases, further investigations were
necessary from genetic, biochemical, and, more importantly, structural aspects. In this study,
we identified a novel MBL fold arylsulfatase from a deep-sea agar-degrading bacterium,
Pseudoalteromonas atlantica Téc, designated as PaAst, and its functional and structural
analyses were conducted preliminarily.

2. Results and Discussion
2.1. Sequence Analysis of PaAst

Pseudoalteromonas atlantica Téc (GenBank: CP000388.1) is an agar-degrading bacterium
isolated from marine environments and is likely to harbor arylsulfatase genes. In its
complete genome, a 987 bp gene was predicted to encode a 3-lactamase-like protein of
328 amino acids, with an estimated molecular weight of 35.6 kDa and a theoretical pI of
5.77 [20]. The protein was predicted to possess an N-terminal signal peptide of 22 amino
acids with the cleavage site between residues Ala22 and Asp23 [21]. The sequence align-
ment through BLAST revealed relatively high identities between PaAst and its homologues;
14 MBL-fold metallo-hydrolases and 1 arylsulfatase exhibited identities higher than 60%.
The highest identity, 70.68%, was carried out by an MBL fold metallo-hydrolase from She-
wanella sp. UCD-KL21 (Sequence ID: WP_083698034.1, E value: 1e-160, coverage: 93%), and
PaAst showed identities of 67.07%, 66.77%, and 65.55% to similar hydrolases in Alteromonas
stellipolaris (Sequence ID: WP_062086863.1, E value: 2e-167), Alteromonas sp. MMGO017
(Sequence ID: WP_211069552.1, E value: 1e-160), and Paraglaciecola hydrolytica (Sequence
ID: WP_082769068.1, E value: 9e-168) with 100% coverage, respectively. Moreover, it is a
homologue of the arylsulfatase AtsA.

PaAst is a member of the metallo-hydrolase-like MBL-fold superfamily that is highly
homologous to AtsA (sequence identity: 60.06%), as well as the starting model for structure
determination, YhfI, from Bacillus subtilis (Figure 1). The homologues harbor conserved
Zn?*-binding motifs, as “SH x H x DH-H181-D213-H289” in PaAst. In addition to its close
identity with AtsA, its only domain, from Glu31 to Ser232, is a conserved arylsulfatase
AtsA-like MBL-fold domain (Accession no. cd07719) [22,23]. Accordingly, although the
conserved FGly motif (C/S x A/P x R) of arylsulfatases could not be found in its sequence,
PaAst has a definite possibility of functioning as the arylsulfatases AtsA and PfAST, which
could be confirmed in the following enzymatic assays.
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Figure 1. Sequence alignment of PaAst (GenBank: ABG39403.1), AtsA (GenBank: CAA46628.1), and
YhfI (GenBank: ADM37089.1). Identical residues are highlighted in red, similar residues are framed
in blue, and residues in the conserved Zn2+-binding motifs are labeled with stars.

2.2. Expression, Purification, and Characterization of Recombinant PaAst

Recombinant PaAst was constructed, heterologously expressed, and purified for the
confirmation of its enzymatic activity against pNPS and subsequent crystallization. The
codon-optimized and truncated PaAst gene was inserted into the pET32a expression system,
transformed into E. coli BL21 (DE3), and expressed as a PaAst-6*His-Trx fusion protein at
a high level. To maintain its bioactivity, the purification mainly consisted of two rounds
of Ni?* affinity chromatography, and the size-exclusion chromatography, was conducted
at low temperatures. The calculated molecular weight should have been 34.2 kDa for the
purified recombinant enzyme after the 6*His-Trx tag removed, which was consistent with
the SDS-PAGE analysis shown in Figure 2. However, in the size-exclusion chromatography,
elution volume for the recombinant PaAst was 14.85 mL, indicating a molecular weight
close to 75 kDa, appropriately twice the molecular weight of the monomer, indicating that
PaAst is a dimer in solution.
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Figure 2. Purification of PaAst. (A) Size-exclusion chromatography of recombinant PaAst. The elution
volume was 14.85 mL, between standard samples ovalbumin (44 KD) and conalbumin (75 KD), and
closer to conalbumin. (B) SDS-PAGE analysis of the purified recombinant PaAst. Lane M, protein
marker; Lane 1, purified recombinant PaAst.

Recombinant PaAst was enzymatically active towards pNPS, a common artificial
substrate to evaluate enzymatic activities of the arylsulfatases [12]. The purification yields
of PaAst are shown in Table 1 after procedures of crude extraction, Ni?* affinity chromatog-
raphy, and size-exclusion chromatography. After the steps of Ni?* affinity chromatography,
dialysis, and a secondary Ni?* affinity chromatography, the total protein decreased from
220.32 mg to 22.93 mg, but the specific activity increased by three folds. The size-exclusion
chromatography had less effect on the activity than the former steps, and the final yield for
purification was 14.76%. The final yield and purification factor for PaAst were higher than
AtsA heterologous expressed in E. coli performed with the same procedures in the same
conditions (Table A2). The specific activity of purified PaAst on pNPS was 39.45 U/mg at
50 °C. The kinetic parameters were also obtained at 50 °C by exhibiting a Michaelis-Menten
plot with specific activities on different concentrations of pNPS (Figure 3). The purified
recombinant PaAst was observed with Ky, and Vmax of 1.00 mM and 60.80 U/mg, respec-
tively. The results demonstrated that PaAst could hydrolyze pNPS efficiently, indicating its
belonging to the arylsulfatase family.

Table 1. Purification yields of recombinant PaAst.

Purification Procedures

Total Protein (mg) Total Activity (U)  Specific Activity (U/mg) Purification Factor  Yield (%)

Crude extract
Affinity chromatography
Size-exclusion
chromatography

220.32 2613.00 11.86 1 100
22.93 840.21 36.64 3.08 32.16
9.77 385.62 39.45 3.33 14.76

Enzymatic activities were determined by pNPS in 50 mM Tris-HCl (pH 7.5) buffer at 50 °C.

[ S S Y
T = = 2

—
(]
1

Specific activity (U/mg)

>

0.5 1 1.5 20 25 30
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Figure 3. Specific activity of PaAst towards pNPS. Some error bars could not be seen.
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2.3. Crystal Structure of PaAst

Purified recombinant PaAst was crystallized in various conditions, but the majority
obtained were needle-like crystals. Fortunately, slice-like diffraction-quality crystals grew
in 0.2 M sodium thiocyamate and 20% PEG3350 at 16 °C (Figure 4), and PEG400 was
selected as the cryoprotectant. PaAst was crystallized in space group P 1 27 1 with its unit
cell parameters a = 55.17 A, b=6138 A, c=89.60 A, a =90°, B=97.88° and 7y =90°, and the
diffraction and refinement statistics are summarized in Table Al. The X-ray diffraction data
were collected in a resolution range of 38.61-1.55 A, and the final structure was determined
at 2.0 A with Rysork 0of 20.04% and Ry of 24.35% by molecular replacement. A comparison
of protein structures through the Dali server indicated that the closest homologue of PaAst
was chain A of Bacillus subtilis Ribonuclease Z (RNase Z, PDB: 4GCW), a member of the
(-lactamase family, sharing a Z-score of 32.9 with a sequence identity of 27% and an RMSD
of 2.1 A [24,25]. The starting model, YhfI, also exhibited an extensive homology to PaAst,
with a Z-score of 29.1, sequence identity of 21%, and RMSD of 1.9 A.

(A) (B)

Figure 4. Crystallization and X-ray diffraction of PaAst. (A) Crystals observed in 0.2 M sodium
thiocyamate, 20% PEG3350. (B) Representative diffraction pattern.

Each asymmetric unit contained two chains of PaAst sharing RMSD of 0.18 A over
Coa, and the chains formed a dimer with extensive contacts (Figure 5A). According to
the calculation of the PDBe PISA Server (https://www.ebi.cu.uk/msd-srv/prot_int/cgi-
bin/piserver, accessed on 19 September 2022), the dimer interface had a buried solvent
accessible area of 2245.3 Az, which accounted for 16.5% of the total solvent accessible area.
Therefore, the dimerization could be observed both in solution, proved by size-exclusion
chromatography, and in the crystal structure.

(A) (B)

Figure 5. Cartoon representation of PaAst. (A) Dimer of PaAst. Chain A is colored in wheat and

Chain B in rainbow color. (B) PaAst monomer. Side chains of the conserved Zn2+—binding motifs are
shown with lines.
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Residues of the truncated recombinant PaAst were well defined in the electron density,
with Chain B primarily presented hereafter for structural analysis (Figure 5B). The structure
formed an MBL fold consisting of 14 3-strands (31-314) and 10 «-helices (x1-x10). The
MBL fold exhibited a typical 3-sandwich structure, and the two central 3-sheets of it were
constituted by 7 (3-strands, respectively, 37-313 and 31-36 with 314. The «-helices were
decorated on either side of the 3-sheets: &1, 2, &3, and &4 on one side, and &5 to «10 on
the other.

Two neighboring high electron density peaks were identified at the core-facing end of
the 3-sandwich that modeled as metal ions; however, they were not determined as Zn ions
corresponding to those in Yhfl. The residues nearby could constitute the metal ion-binding
motifs strictly conserved in the MBL-fold proteins with one metal ion coordinated by
His90, His92, His181, and Asp213, and the other coordinated by Asp94, His95, D213, and
His289, according to the alignment with YhfI (Figure 6). The metal-coordinating residues
play critical roles as enzymatic active centers in MBL-fold hydrolases [4,18]. Attempts
are underway to determine the metal ions by crystallization and enzymatic assays in the
presence of metal ions, and site-directed mutations will be performed to further analyze its

active center.
H289 f“
o H211

(A) (B)

Figure 6. Structural alignment of PaAst and Yh{I (PDB: 6KNT, chain A). (A) Ribbon representation of
PaAst and YhfI. PaAst is in blue, YhfI is in green, and Zn?* is in red, and the side chains of metal
ion binding sites are shown by lines. (B) Comparison of the metal ion binding sites. The metal ion
binding site of PaAst is in blue, YhfI is in green, and Zn?* is in red.

Although several MBL-fold arylsulfatases have been reported in recent decades, lim-
ited knowledge could be obtained from their structures. In this study, our sequence and
functional analyses revealed that PaAst is an arylsulfatase, and the specific activity, K,
and Vpmax of purified recombinant PaAst, was observed by 39.45 U/mg, 1.00 mM, and
60.80 U/mg at 50 °C, respectively. Its structure was determined at 2.0 A and formed a
dimer with MBL fold, which could be the first MBL-fold arylsulfatase reported with its
structure determined. The identification and characterization of AtsA-like arylsulfatases
had indicated the existence of MBL-fold arylsulfatases for years, and the structure of PaAst
supported the classification of MBL-fold arylsulfatases as a novel type directly. This work
provided insights into the MBL-fold arylsulfatases and may be the theoretical foundation
for investigations into their catalytic mechanism.

3. Materials and Methods
3.1. Strains, Plasmids, and Reagents

PaAst (GenBank: ABG39403.1) was codon-optimized and synthesized by Sangon
(Shanghai, China) with its N-terminal signal peptide truncated. The recombinant pro-
tein was cloned into a modified pET32a vector and expressed in E. coli BL21 (DE3) as
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described previously, ligated by an N-terminal tobacco etch virus (TEV) cleavage site with
the thioredoxin (Trx) and 6*His-tag for better solubility and purification [26,27].

PrimeSTAR® Max DNA Polymerase, T4 DNA Ligase, and the restriction enzymes
were purchased from Takara Bio Inc. The Gel Extraction Kits and Plasmid Mini Kits were
purchased from Omega Bio-tek (Norcross, GA, USA). All chemicals were in analytical
grade and obtained commercially; for example, ampicillin sodium salt, isopropyl (3-D-
thiogalactoside (IPTG), imidazole, ethylenediaminetetraacetic acid (EDTA), and NiSOy4-6H,O
were purchased from Sangon, pNPS and p-nitrophenol (pNP) from Sigma-Aldrich (St. Louis,
MO, USA), and the protein crystallization screening kits from Hampton Research (Aliso
Viejo, CA, USA).

3.2. Sequence Analysis

Protein sequences were aligned by BLAST (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 25 February 2023) and ESPript 3.0 (http:/ /espript.ibcp.fr/ESPript/ESPript/,
accessed on 25 February 2023) [28]. The signal peptides and conserved domains were iden-
tified by SignalP-5.0 (https:/ /services.healthtech.dtu.dk/service.php?SignalP-5.0, accessed
on 13 September 2022) and NCBI Conserved Domain Search Service (CD Search) (https:
/ /www.ncbinlm.nih.gov/Structure/cdd /wrpsb.cgi, accessed on 15 September 2022), re-
spectively [22,23]. The physical and chemical parameters of the protein were computed by
ProtParam tool (https://web.expasy.org/protparam/, accessed on 24 March 2021).

3.3. Protein Expression and Purification

The recombinant PaAst-pET32a construct consisting of residues 23-328 was heterolo-
gously expressed in E. coli and purified by Ni?*-NTA resin affinity chromatography (GE
Healthcare, Stockholm, Sweden) and size-exclusion chromatography (Superdex 200 in-
crease 300 GL; GE Healthcare) successively [10,26,27]. The recombinant E. coli BL21 (DE3)
cells containing PaAst gene were incubated at 37 °C and induced by IPTG (0.3 mM) at 16 °C
for 12 h in Luria—Bertani medium. The protein was harvested via ultrasonication on ice
in lysis buffer containing 50 mM Tris-HCI (pH 7.5) and 300 mM NaCl and centrifuged at
15,000 rpm for 15 min at 4 °C (Beckman Coulter, Brea, CA, USA).

Supernatant containing the fusion protein was loaded on a Ni?*-NTA resin affinity
column to remove the non-specially bound proteins by elution buffer, which is lysis buffer
with low concentrations of imidazole (20 mM and 40 mM), while the target protein could
be eluted in a higher concentration of imidazole (300 mM). Digestion and dialysis were
conducted at the same time with TEV Protease at 4 °C overnight for the cleavage of Trx-
6*His-tag and removal of imidazole. Then a secondary Ni?** affinity chromatography
and size-exclusion chromatography were used to further purify the recombinant protein
in buffer containing 50 mM Tris-HCI (pH 7.5) and 150 mM NaCl. The purification was
evaluated by 15% SDS-PAGE, and the concentration of purified PaAst was determined
using NanoDrop One (Thermo Scientific, Waltham, MA, USA).

3.4. Enzymatic Activity Assay

The enzymatic activity of PaAst was determined by the artificial substrate pNPS,
which could be hydrolyzed into pNP and sulfate by arylsulfatases, as described [3,12,14].
A solution of both enzyme and substrate was made with 50 mM Tris-HCl (pH 7.5) buffer,
and the reaction consisted of 20 pL enzyme solution (0.23 pg) and 80 pL substrate solution.
Moreover, the kinetic parameters were measured with pNPS in different concentrations (0.1,
0.5,1,1.5,2, and 2.5 mM). After incubation at 50 °C for 8 min, the reaction was terminated
by 20 uL 1 M NaOH, and its absorbance at 410 nm was measured by a spectrophotometer
to quantify the concentration of pNP and accordingly calculate the reacted pNPS. One
unit of enzyme activity (U) was defined as the amount of enzyme required to degrade
1 uM pNPS per min. The kinetic parameters of Ky, and Vimax were obtained by creating a
Michaelis—Menten plot of reaction rate versus substrate concentrations using GraphPad
Prism 8.2.1 [29].
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3.5. Crystallization

The purified recombinant PaAst was concentrated to 10-15 mg/mL for crystallization,
and the crystallization conditions were preliminary screened by the sitting-drop vapor-
diffusion method in 96-well plates at 16 °C with more than ten commercial crystallization
screening kits, for example, JCSG Core Suites (I to IV, and +, Molecular Dimensions) [10,26].
Crystals of the protein could be found in more than 70 reservoirs, composed of equal
volumes (0.6 pL) of protein solution and reservoir solutions, within 1 day. The diffraction-
quality crystals were flash-frozen and kept in liquid nitrogen with cryoprotectant.

3.6. Structure Determination and Refinement

X-ray diffraction data sets for PaAst were collected at beamline BL18U1 of the Shanghai
Synchrotron Radiation Facility (SSRF, Shanghai, China), and each contained 360 frames
(oscillation range 1°). A complete data set was collected at 100 K from a single crystal
of the protein obtained in 0.2 M sodium thiocyamate and 20% (v/v) PEG3350, and it
was processed by HKL-2000 and XDS [30-32]. The structure of PaAst was determined
by the molecular replacement method using Phaser with the crystal structure of metallo-
-lactamase fold protein YhfI from Bacillus subtilis (PDB: 6KNT) acting as the starting
model [18,33]. Model building and refinement of the structure were executed by Coot and
Phenix [34,35], respectively, and the final model was deposited in the Protein Data Bank
with structure factors under an accession code of 8GYG (Table A1). The PyMOL Molecular
Graphics System was used to visualize and analyze the protein structures.
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Appendix A

Table A1. Diffraction data collection and refinement statistics of PaAst structure.

Parameter Value(s)
Data collection
Beamline SSRF BL18U1
Wavelength (A) 0.97915
Space group P12;1
Unit cell parameters
a,b,c(A) 55.17, 61.38, 89.60
w, B, v (%) 90, 97.88, 90
Resolution range (A) 38.61-1.55 (1.59-1.55)
Completeness (%) 99.7
No. of unique reflections measured 85,833
Redundancy 6.1 (6.5)
Rierge 0.117 (1.077)
<I/o(D)> 8.3 (1.8)
CCi2 0.995 (0.528)
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Table Al. Cont.

Parameter Value(s)
Refinement
Resolution range (A) 29.59-2.0
Completeness (%) 99.5
No. of unique reflections refined 40,070
Ryork/ Reree (%) 20.04/24.35
No. of molecules per asymmetric unit 2
No. of residues Chain A: 291
Chain B: 305
No. of atoms 5202
Ramachandran Plot (%)
Favored regions 97.63
Allowed regions 2.03
Outliers 0.34
Mean B value, overall (A2) 239
PDB ID 8GYG

Values in parentheses refer to the highest resolution shell.

Table A2. Purification yields of recombinant AtsA.

Purification Procedures  Total Protein (mg) Total Activity (U)  Specific Activity (U/mg) Purification Factor  Yield (%)

Crude extract 136.07 5000.57 36.75 1 100

Affinity chromatography 48.88 2099.67 42.96 1.17 41.98

Size-exclusion

6.39 500.15 78.32 2.13 10.00
chromatography

Arylsulfatase AtsA was codon-optimized, synthesized, and heterologously expressed in E. coli. Enzymatic
activities were determined by pNPS in 50 mM Tris-HCI (pH 7.5) buffer at 50 °C, the same as the conditions
for PaAst.
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