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The haloarchaeon Natrinema sp. strain J7-2 has the ability to degrade chitin, and its genome harbors a chitin metabolism-re-
lated gene cluster that contains a halolysin gene, sptC. The sptC gene encodes a precursor composed of a signal peptide, an N-ter-
minal propeptide consisting of a core domain (N*) and a linker peptide, a subtilisin-like catalytic domain, a polycystic kidney
disease domain (PkdD), and a chitin-binding domain (ChBD). Here we report that the autocatalytic maturation of SptC is initi-
ated by cis-processing of N* to yield an autoprocessed complex (N*-IWT), followed by trans-processing/degradation of the linker
peptide, the ChBD, and N*. The resulting mature form (MWT) containing the catalytic domain and the PkdD showed optimum
azocaseinolytic activity at 3 to 3.5 M NaCl, demonstrating salt-dependent stability. Deletion analysis revealed that the PkdD did
not confer extra stability on the enzyme but did contribute to enzymatic activity. The ChBD exhibited salt-dependent chitin-
binding capacity and mediated the binding of N*-IWT to chitin. ChBD-mediated chitin binding enhances SptC maturation by
promoting activation of the autoprocessed complex. Our results also demonstrate that SptC is capable of removing proteins
from shrimp shell powder (SSP) at high salt concentrations. Interestingly, N*-IWT released soluble peptides from SSP faster than
did MWT. Most likely, ChBD-mediated binding of the autoprocessed complex to chitin in SSP not only accelerates enzyme activa-
tion but also facilitates the deproteinization process by increasing the local protease concentration around the substrate. By vir-
tue of these properties, SptC is highly attractive for use in preparation of chitin from chitin-containing biomass.

Haloarchaea thrive in hypersaline environments such as solar
salterns, salt lakes, and salt deposits, and many of them se-

crete proteases to degrade proteins into small peptides and amino
acids which are then fed into central metabolism (1). Almost all of
the extracellular proteases isolated from haloarchaea are subtili-
sin-like serine proteases (subtilases) (2), known as halolysins (1,
3). With whole-genome sequence data for many organisms
quickly becoming available, an increasing number of halolysin
genes have been identified, emphasizing the physiological signifi-
cance of halolysins in the haloarchaea. Because halolysins are ac-
tive and stable under hypersaline conditions, they not only repre-
sent an attractive model for investigating the molecular basis of
the halophilicity of enzymes but also show great potential as bio-
catalysts for the synthesis of oligopeptides due to the increase of
their esterase/amidase activity ratios in organic mixtures of low
water content (1, 4, 5). Additionally, the application of halophilic
proteases at high salt concentrations can minimize the risk of mi-
crobial contamination (6).

Halolysins have been characterized from a number of haloar-
chaea, and these include halolysin 172P1 from Natrialba asiatica
(3), R4 from Haloferax mediterranei (7), SptA from Natrinema sp.
strain J7 (8), and Nep from Natrialba magadii (9). Each of these
extracellular enzymes is synthesized as a precursor containing a
signal peptide, an N-terminal propeptide, a subtilisin-like cata-
lytic domain, and a C-terminal extension (CTE). Like bacterial
subtilases, the signal peptide of halolysin precursors is removed
after secretion by a signal peptidase to generate a proform, and
then the N-terminal propeptide of the proform is autoprocessed
to yield the active mature halolysin (10). The mature forms of
halolysins are composed of not only a highly conserved catalytic
domain (�60 to 80% identity) but also a CTE. The CTEs of the
above-mentioned halolysins also share high sequence identity
(�40 to 70%) and are reportedly important for the stability and

activity of R4 (7), SptA (11), and Nep (10). The attachment of an
extension to the C terminus of the catalytic domain appears to be
a common strategy employed by halolysins to adapt to hypersaline
environments.

The genus Natrinema comprises seven recognized species iso-
lated from salted hide and cod (12), fish sauce (13), and salt lakes
(14–17). Natrinema sp. J7 was isolated from a salt mine in Hubei
Province, China, in the early 1990s (18), and it grows optimally at
3.1 to 3.8 M NaCl and at 40 to 45°C. Among the three 16S rRNA
genes of Natrinema sp. J7-2 (a subculture of strain J7 that lacks the
plasmid pHH205) (19), two copies show 100% identity to the 16S
rRNA gene of Natrinema gari isolated from fish sauce in Thailand
(13), while the third one differs from the latter at two nucleotides.
This suggests that Natrinema sp. J7-2 is closely related to
Natrinema gari. We previously cloned three halolysin-encoding
genes from the Natrinema sp. J7 genome, named sptA, sptB (these
two genes are arranged in tandem; GenBank accession number
AY800382), and sptC (GenBank accession number DQ137266).
The enzymatic properties of SptA and the function of its CTE have
been characterized (8, 11). Interestingly, whole-genome sequenc-
ing of Natrinema sp. J7-2 (19) revealed that sptC is located in a
chitin metabolism-related gene cluster, and we recently found
that strain J7-2 was capable of degrading chitin. This led us to
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investigate the potential role of SptC in deproteinization of chitin-
containing biomass.

The CTE of SptC shows no significant homology (�17% iden-
tity) to the CTEs of SptA, SptB, or other known halolysins (e.g.,
172P1, R4, and Nep). In contrast to the CTEs of SptA and Nep,
which are predicted to adopt a single �-jelly roll-like domain (11,
20), the CTE of SptC is predicted to contain a polycystic kidney
disease domain (PkdD) and a chitin-binding domain (ChBD).
Such a molecular architecture has been reported only for the chi-
tin-binding protease AprIV from Pseudoalteromonas piscicida
strain O-7 (formerly Alteromonas sp. strain O-7), wherein AprIV
was found to participate in chitin degradation by the bacterium
(21). The presence of the ChBD in SptC emphasizes the possibility
that this enzyme is involved in degradation of chitin-containing
biomass. In the present study, we investigated the maturation pro-
cess and enzymatic properties of SptC. Several truncation and
deletion mutants of SptC were constructed to probe possible roles
for the PkdD and ChBD in enzyme stability, activity, and chitin
binding. The mechanism of the chitin-accelerated activation of
SptC is also discussed. In addition, we investigated the capacity of
this halophilic protease to remove proteins from chitin-contain-
ing biomass at high salt concentrations.

MATERIALS AND METHODS
Strains and growth conditions. Natrinema sp. J7 (CCTCC AB91141) was
isolated from a salt mine in China (18). Natrinema sp. J7-2, a subculture of
strain J7 lacking the plasmid pHH205 (19, 22), was grown in liquid mod-
ified growth medium with 18% total salts (18% MGM) as described pre-
viously (8) and used for preparation of genomic DNA. For examination of
chitinolytic activity of strain J7-2, the haloarchaeon was first cultured at
37°C in 18% MGM until mid-log phase. Subsequently, cells were collected
by centrifugation, washed with sterile 3 M NaCl solution, transferred to
solid (1.5% [wt/vol] agar) basal medium (per liter, 230 g of NaCl, 43 g of
MgSO4·7H2O, 2.5 g of KCl, 0.7 g of CaCl2·2H2O, 3.6 �g of MnCl2·4H2O,
4.4 �g of ZnSO4·7H2O, 0.5 �g of CuSO4·5H2O, 33 �g of FeSO4·7H2O,
0.27 g of NH4Cl, 2 ml of 0.5 M potassium phosphate buffer [pH 7.0], 50 ml
of 1 M Tris-HCl [pH 7.2]) without or with 1 g/liter of colloidal chitin, and
then incubated at 37°C for 2 weeks. Escherichia coli DH5� and E. coli
BL21-CodonPlus(DE3)-RIL were used as the hosts for cloning and ex-
pression, respectively. Bacteria were grown at 37°C in Luria-Bertani (LB)
medium supplemented with chloramphenicol (34 �g/ml) or kanamycin
(30 �g/ml), as needed.

DNA manipulation, plasmid construction, and mutagenesis.
Genomic DNA of strain J7-2 was isolated and prepared according to the
method of Kamekura et al. (3) and was used as the template for PCR. The
oligonucleotide sequences of the primers used in this study are listed in
Table 1. The genes encoding wild-type SptC (SptC*), the C-terminal trun-
cation mutants (SptC�CTE and SptC�ChBD), the N-terminal propep-
tide deletion mutant (SptC�N), and the C-terminal fragments (ChBD*,
PkdD*, and CTE*) were amplified from genomic DNA by PCR using the
primer pairs listed in Table 2. The PkdD deletion mutant (SptC�PkdD)
was constructed using the overlapping extension PCR method, as de-
scribed previously (23). Briefly, the 5= and 3= ends of sptC were amplified
from genomic DNA using the primer pairs sptC-F/MChBD2 and
MChBD1/sptCH-R, respectively. The first-round 5=- and 3=-end PCR
products were then used for the second-round PCR without adding
primer. In the third-round PCR, the intact gene encoding the PkdD dele-
tion mutant (SptC�PkdD) was amplified using the primer pair sptC-F/
sptCH-R, with the products of the second-round PCR serving as the tem-
plate. The above-mentioned amplified genes were then inserted into
pET26b or pET28a to generate expression plasmids for target proteins
(Table 2). The QuikChange site-directed mutagenesis method (24) was
employed to construct the active-site mutant SptCS230A using the prim-

ers sptCS230A-F and sptCS230A-R (Table 1). The sequences of all recom-
binant plasmids were confirmed by DNA sequencing.

Expression, purification, and activation. E. coli BL21-Codon-
Plus(DE3)-RIL cells harboring the recombinant plasmids were cultured at
37°C until the optical density at 600 nm reached �0.6. Expression of
recombinant proteins was induced by the addition of isopropyl-�-D-thio-
galactopyranoside (0.4 mM) and continued cultivation at 37°C for 4 h.
The cells were then harvested, suspended in buffer A (50 mM Tris-HCl, 10
mM CaCl2 [pH 8.0]) containing 8 M urea, and disrupted by sonication on
ice. After centrifugation at 13,000 � g for 10 min (4°C), the soluble frac-
tion was collected and subjected to affinity chromatography on a column
containing Ni2	-charged chelating Sepharose Fast Flow resin (GE
Healthcare) equilibrated with buffer A containing 8 M urea. After washing
of the column with buffer A containing 8 M urea and 30 mM imidazole,
bound His-tagged proteins were eluted with buffer A containing 8 M urea
and 200 mM imidazole. The purity of isolated proteins was assessed by
SDS-PAGE. Thereafter, the elution fraction was supplemented with 10
mM �-mercaptoethanol (�-ME) and kept at room temperature for 30
min. The sample was then dialyzed overnight at 4°C against buffer A
containing 5 M NaCl to remove the urea and imidazole and allow the
denatured protein to refold.

To prepare the mature enzymes, samples of refolded SptC*,
SptC�ChBD, SptC�PkdD, and SptC�CTE were incubated at 37°C for 90
h in buffer A containing 5 M NaCl to activate the enzymes. The activated
enzymes were then subjected to affinity chromatography on a bacitracin-
Sepharose 4B (Amersham Biosciences, Sweden) column equilibrated with
buffer A containing 5 M NaCl. After a washing with buffer A containing 5
M NaCl, the bound enzymes were eluted with buffer A containing 3 M
NaCl and 15% isopropanol. Finally, fractions containing the purified en-
zymes (MWT, M�ChBD, M�PkdD, and M�CTE) were dialyzed overnight at
4°C against buffer A containing 5 M NaCl to remove the isopropanol. If
needed, the enzyme-containing solutions were concentrated using Mi-
cron YM-3 centrifugal filters (Millipore, Bedford, MA). The concentra-
tion of each purified enzyme sample was determined using the Bradford
method (25), with bovine serum albumin (BSA) as the standard.

SDS-PAGE, immunoblot analysis, and N-terminal sequencing.
SDS-PAGE was performed using the Tris-glycine system (26). To prevent

TABLE 1 Oligonucleotide primers used in this study

Primer Oligonucleotide sequencea

sptC-F 5=-CGGAATTCATATGACAAATAACAACGACCGA
GACAG-3=

sptC-R 5=-TTTAAGCTTTCAGCAGTCCGCGACGTGT
TCCCA-3=

sptCH-R 5=-TTTAAGCTTTCAGTGGTGGTGGTGGTGGTG
GCAGTCCGCGACGTGTTCCCA-3=

sptC�C54H-R 5=-TTTAAGCTTTCAGTGGTGGTGGTGGTGGTG
CTCGCCGGTGCCGTCGTTGTC-3=

sptC�C143H-R 5=-TTTAAGCTTTCAGTGGTGGTGGTGGTGGTG
GTCGCCGCCCTCGTCGACGAG-3=

sptC�N127-F 5=-GGGAATTCCATATGGAACAGCGCACCCCCGAC-3=
sptCC151-F 5=-GGGAATTCCATATGGCTCTCGTCGACGAGG

GCGGC-3=
sptCC54-F 5=-GGGAATTCCATATGCAACCGGGCGACTGCG

GCGAC-3=
MChBD1 5=-GCTCTCGTCGACGAGGGCGGCCAACCGGGCG

ACTGCGGCGAC-3=
MChBD2 5=-GTCGCCGCAGTCGCCCGGTTGGCCGCCCTCG

TCGACGAGAGC-3=
sptCS230A-F 5=-GTCGGGCACGGCGATGGCGTCGC-3=
sptCS230A-R 5=-TCGCCGTGCCCGACAGCCGCTCGTAGCCGC-3=
a Underlined sequences indicate the restriction enzyme sites used in this study. Bold
indicates the mutated nucleotides. Italicized sections indicate the His6 tag-encoding
DNA sequences.
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self-degradation of the enzymes during sample preparation (boiling) or
electrophoresis, the proteins were precipitated with 20% (wt/vol) trichlo-
roacetic acid (TCA), washed with acetone, solubilized in loading buffer
containing 8 M urea, and then subjected to electrophoresis without prior
heat treatment. An anti-His tag monoclonal antibody (Novagen) was
used for immunoblot analysis, as described previously (27). For N-termi-
nal sequencing, proteins separated by SDS-PAGE were electroblotted
onto a polyvinylidene difluoride membrane and then stained with Coo-
massie brilliant blue R-250. The target protein bands were excised and
subjected to N-terminal amino acid sequence analysis using a Procise 492
cLC peptide sequencer (Applied Biosystems).

Enzymatic activity assay. Unless otherwise indicated, the azocaseino-
lytic activity of the enzyme was measured at 40°C for 60 min in 200 �l of
reaction mixture containing 0.25% (wt/vol) azocasein (Sigma) and 100 �l
of enzyme sample in buffer A containing 3.5 M NaCl. The reaction was
terminated by addition of 200 �l of 40% (wt/vol) TCA to the reaction
mixture. The mixture was maintained at room temperature for 15 min
and then centrifuged at 13,400 � g for 10 min, after which the absorbance
of the supernatant was measured in a 1-cm cell at 366 nm (A366). One unit
of azocaseinolytic activity was defined as the amount of enzyme required
to increase the A366 value by 0.01 per min under the conditions described
above.

Proteolytic activity against N-succinyl-Ala-Ala-Pro-Phe-p-nitroani-
lide (suc-AAPF-pNA) (Sigma) was measured at 40°C in buffer A contain-
ing 3.5 M NaCl and 0.1 mM substrate. The initial velocity of suc-AAPF-
pNA hydrolysis was monitored at 410 nm in a thermostat-controlled
spectrophotometer (Cintra 10e; GBC, Australia), and the activity was cal-
culated based on the extinction coefficient for p-nitroaniline (pNA)
(8,480 M
1 cm
1 at 410 nm) (28). One unit of enzyme activity was de-
fined as the amount of enzyme required to produce 1 �mol of pNA per
min under the assay conditions described.

Chitin powder binding assay. Prior to use, 5 mg of chitin powder
(Sigma) was washed three times with deionized water, suspended in 500
�l of buffer A containing 5 M NaCl, and then kept at 0°C for 1 h. After
centrifugation at 13,400 � g for 10 min, the resulting pellet was suspended
in 300 �l of buffer A containing 5 M NaCl and 5 �g/ml of the target
protein. Unless otherwise indicated, the mixture was incubated at 0°C to
prevent activation of the enzyme (i.e., to prevent activation of the auto-
processed complex). After 1 h of incubation at 0°C, the soluble fraction
was recovered by centrifugation as described above and subjected to SDS-
PAGE analysis. The levels of unbound proteins were estimated from the
band intensities on the SDS-PAGE gels using GeneTools gel imaging soft-
ware (Syngene, Cambridge, United Kingdom).

Enzymatic deproteinization of SSP. Shrimp shell powder (SSP) was
prepared according to the method described by Miyamoto et al. (21).
Briefly, shrimp were purchased from a local market, and the shells were
stripped off and washed thoroughly with tap water. The shells were then

dried at 50°C for 24 h, crushed in a mixing blender, and sieved to produce
a 40-mesh powder. Prior to use, 2 mg of SSP was washed three times with
buffer A containing 5 M NaCl and then pelleted by centrifugation. Unless
otherwise indicated, the pellet was suspended in 200 �l of buffer A con-
taining 5 M NaCl and 0.4 �M mature enzyme or autoprocessed complex,
incubated at 40°C for various durations, and then cooled on ice. Thereaf-
ter, the supernatant was recovered by centrifugation and the amount of
soluble peptides released from SSP by enzymatic hydrolysis was deter-
mined by measuring the absorbance at 280 nm (29).

Deproteinization using alkali. SSP was mixed with 2 M NaOH at a
ratio of 1:40 (wt/vol) and allowed to react at 100°C for 30 min (30). The
supernatant was recovered by centrifugation and the pH was adjusted to
7.0. Next, the protein concentration in the supernatant was determined
using the Bradford method (25), with BSA as the standard. To assess the
degree of deproteinization of SSP by enzymatic hydrolysis, enzyme-
treated SSP was washed three times with buffer A containing 5 M NaCl
and then deproteinized with alkali, after which the protein concentration
was determined as described above. The percentage of enzymatic depro-
teinization of SSP was calculated with 0% deproteinization defined as 24.4
mg of protein contained in 1 g of SSP without enzyme treatment.

RESULTS
Bioinformatic analysis of SptC. Genomic analysis of Natrinema
sp. J7-2 (19) revealed the presence of a chitin metabolism-related
gene cluster (NJ7G-2696 to -2707) that encodes a chitin-binding
protein (Cbp), SptC, three chitinases (Chi1, Chi2, and Chi3), and
five proteins involved in carbohydrate transport and metabolism
(Fig. 1A). A genomic survey of sequenced haloarchaea showed
that this gene cluster is highly conserved in Natrinema species
(e.g., N. altunense, N. gari, and N. pallidum) and appears to be
confined to the genus Natrinema. A chitin metabolism-related
gene cluster has also been identified in H. mediterranei, but no
protease-encoding gene was identified in that cluster (31). Strain
J7-2 could grow on a plate containing colloidal chitin as the car-
bon source, and the chitinolytic activity of the haloarchaeon was
evidenced by the formation of clear zones around the lawn (Fig.
1B). As shown in Fig. 1C, SptC, Cbp, Chi1, Chi2, and Chi3 of
strain J7-2 share two domains, a PkdD and a ChBD. The PkdDs
and ChBDs of these five proteins share significant sequence iden-
tity (36 to 54% for the PkdDs and 27 to 75% for the ChBDs),
suggesting that an evolutionary relationship exists between these
proteins. A BLAST search revealed that the homologs of SptC with
a PkdD and a ChBD are present only in Natrinema species (�90%
sequence identity) and Pseudoalteromonas species (�30% se-

TABLE 2 Primer pairs, templates, and restriction enzyme sites used in plasmid construction

Plasmid Primer pair Template Restriction site

pET26b-sptC* sptC-F 	 sptCH-R Genomic DNA NdeI-HindIII
pET26b-sptC�CTE sptC-F 	 sptC�C143H-R Genomic DNA NdeI-HindIII
pET26b-sptC�ChBD sptC-F 	 sptC�C54H-R Genomic DNA NdeI-HindIII

pET26b-sptC�PkdD sptC-F 	 MChBD2 (5= end of the gene) Genomic DNA
MChBD1 	 sptCH-R (3= end of the gene) Genomic DNA
sptC-F 	 sptCH-R (3rd-round PCR) 2nd-round PCR product NdeI-HindIII

pET26b-sptC�N sptC�N127-F 	 sptCH-R Genomic DNA NdeI-HindIII
pET26b-CTE* sptCC151-F 	 sptCH-R Genomic DNA NdeI-HindIII
pET26b-PkdD* sptCC151-F 	 sptC�C54H-R Genomic DNA NdeI-HindIII
pET28a-ChBD* sptCC54-F 	 sptC-R Genomic DNA NdeI-HindIII
pET26b-sptCS230A sptCS230A-F 	 sptCS230A-R pET26b-sptC
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quence identity). The genes encoding the homologs in Natrinema
species are all located within the chitin metabolism-related gene
clusters mentioned above, while those in Pseudoalteromonas spe-
cies are not clustered with chitin metabolism-related genes. Auto-
mated homology modeling of the SptC PkdD yielded a structure
similar to that of the Clostridium histolyticum collagenase PkdD,
which adopts a �-jelly roll-like conformation composed of seven
�-strands (Fig. 1D). The ChBD of SptC shares 31 and 39% se-
quence identity with the ChBDs of P. piscicida AprIV (21) and
Serratia marcescens chitinase B, respectively (Fig. 1D) and may
adopt a conformation similar to that of the latter, which is com-
posed of three antiparallel �-strands connected by loops (32).

Autoprocessing of SptC. Recombinant wild-type SptC
(SptC*) and its derivatives (Fig. 2A) were purified in the presence
of 8 M urea by His tag affinity chromatography. It was observed
that the apparent molecular masses of these recombinant proteins
were higher than their predicted masses (Fig. 2B), which is a com-
mon feature of halophilic proteins with a high content of acidic
residues (33). In addition to the target proteins, SDS-PAGE anal-
ysis revealed the presence of a few minor protein bands in the
purified samples (Fig. 2B). Most of these minor species could be
detected by anti-His tag immunoblot analysis (data not shown),
indicating that they are degradation products of the target pro-
teins.

Denatured SptC* (Fig. 3A, lane C) was dialyzed at 4°C against
buffer A containing 5 M NaCl to allow the protein to refold. Re-
moval of urea by dialysis at a high NaCl concentration led to the
conversion of SptC* into three major products, designated IWT, C,
and N* (Fig. 3A, lane 0). During subsequent incubation of the
dialyzed sample at 40°C, IWT was further processed into the ma-
ture form (MWT), and this was accompanied by the degradation of
N* (Fig. 3A) and the complete release of enzymatic activity (Fig.
3B). Conversely, the active-site mutant SptCS230A remained un-
processed under the same conditions (Fig. 3C), suggesting that the

FIG 1 Organization of the chitin metabolism-related gene cluster in Natrinema sp. J7-2 and the primary structural features of SptC. (A) Schematic illustrating
the organization of the chitin metabolism-related gene cluster in strain J7-2. Genes encoding chitin-binding protein (Cbp), SptC, chitinases (Chi1, Chi2, and
Chi3), and proteins involved in carbohydrate transport and metabolism (NJ7G_2703-2707) are drawn to scale as arrows. The locus tag of each gene is shown
above the corresponding arrow. (B) Assay of chitinolytic activity of strain J7-2. Strain J7-2 was cultured at 37°C for 2 weeks on plates containing basal medium
with (	) or without (
) 1 g/liter of colloidal chitin. (C) Schematic representation of the domain organization in Cbp, Chi1, Chi2, Chi3, and SptC. (D) Amino
acid sequence alignments of the PkdD and ChBD in SptC (GenBank accession number AFO57926) with those of chitin-binding protease AprIV (GenBank
accession number BAB86297) from P. piscicida strain O-7, the PkdD (3JQU) of collagenase (ColG) from C. histolyticum, and the ChBD (1E15) of chitinase B
(ChiB) from S. marcescens. The amino acid residues of SptC are numbered starting from the N terminus of the precursor. The �-strands in the PkdD of ColG and
the ChBD of ChiB are indicated by horizontal arrows.

FIG 2 Schematic representation of the primary structures (A) and SDS-PAGE
analysis of recombinant SptC and its derivatives (B). (A) The locations of the
active-site residues (D40, H76, and S230) in the subtilisin-like catalytic domain
and the N- and C-terminal residues of each region are shown. S, N, and H
represent the signal peptide, N-terminal propeptide, and His tag, respectively.
(B) Samples of purified proteins were precipitated with TCA and then sub-
jected to SDS-PAGE analysis. The predicted molecular mass (MW) of each
protein was calculated based on the amino acid sequence, and the apparent
MW was determined by SDS-PAGE analysis.
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maturation of SptC* proceeds autocatalytically. In addition, the
N-terminal propeptide deletion mutant SptC�N was unable to
mature (data not shown), suggesting that the N-terminal propep-
tide acts as an intramolecular chaperone to assist enzyme folding,
as in other subtilases (34).

N-terminal sequencing identified the first five amino acid res-
idues of IWT and MWT as DPVET and EQRTP, respectively, indi-
cating that the N-terminal propeptide is composed of a core do-
main (N*) and a five-residue linker peptide that is processed in a
stepwise manner at Phe
6-Asp
5 and Thr
1-Glu1, respectively
(Fig. 3D). Immunoblotting against the His tag fused to the C ter-
minus of SptC* resulted in detection of IWT but not MWT (data not
shown), indicating that IWT represents a maturation intermediate
derived from SptC* through autoprocessing of N* at Phe
6-

Asp
5 (Fig. 3D). In addition, N* was coeluted with IWT from the
Ni2	-charged resin column (data not shown), indicating that N*
remains bound to IWT to form an autoprocessed complex (N*-
IWT).

The inability to detect MWT by anti-His tag immunoblot anal-
ysis suggests that a C-terminal cleavage event occurred during the
maturation of SptC*. To test for this possibility, we investigated
the maturation processes of the C-terminal truncation mutants
(SptC�ChBD, SptC�PkdD, and SptC�CTE). As shown in Fig.
3A, all three mutants were converted into their respective inter-
mediates (I�ChBD, I�PkdD, and I�CTE) and mature forms (M�ChBD,
M�PkdD, and M�CTE), suggesting that the CTE is not necessary for
enzyme folding. As in the case of IWT, the I�ChBD, I�PkdD, and I�CTE

intermediates formed autoprocessed complexes with N* (data not

FIG 3 Autoprocessing of recombinant SptC and its derivatives. (A) SDS-PAGE analysis of the autoprocessing of SptC* and its derivatives. Samples of purified
SptC* and its derivatives (5 �g/ml, lane C) in buffer A (50 mM Tris-HCl, 10 mM CaCl2 [pH 8.0]) containing 8 M urea and 10 mM �-ME were dialyzed overnight
at 4°C against the same buffer containing 5 M NaCl (lane 0) and then incubated at 40°C. At the indicated times, aliquots were withdrawn and subjected to
SDS-PAGE analysis. The bands labeled a, b, and c were subjected to N-terminal sequencing. (B) Activation of the autoprocessed complex. N*-IWT (5 �g/ml) was
incubated at 40°C in buffer A containing 5 M NaCl in the absence (
) or presence (	) of 0.2 or 1.6 �g/ml of MWT. At the indicated times, aliquots were removed
and subjected to azocaseinolytic-activity assay. Values are expressed as the means � SDs (bars) of three independent experiments, and the highest mean activity
value observed during the maturation process was defined as 100% to determine relative activity. (C) Processing of SptCS230A by mature SptC. SptCS230A (5
�g/ml, lane 0) in buffer A containing 5 M NaCl was incubated at 40°C in the absence (
) or presence (	) of 0.3 �g/ml of MWT. At the indicated times, aliquots
were removed and subjected to SDS-PAGE analysis. (D) Schematic representation of the autoprocessing of the proform of SptC. Filled arrowheads indicate the
autoprocessing sites, and the open arrowhead indicates the site of proteolytic cleavage of SptC by the active mature enzyme. The identified N termini of bands a,
b, and c from panel A are indicated. The positions of the intermediates (IWT, I�ChBD, I�PkdD, and I�CTE), the mature forms (MWT, M�ChBD, M�PkdD, and M�CTE),
the processed core domain of the N-terminal propeptide (N*), and the cleaved C-terminal fragments (C and C�ChBD) are also indicated to the right of each gel
in panels A and C.
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shown), which were designated N*-I�ChBD, N*-I�PkdD, and N*-
I�CTE, respectively. Notably, M�ChBD displayed nearly the same
apparent molecular mass as MWT (�50 kDa) (Fig. 3A), indicating
that the ChBD had been processed from MWT. Similarly, M�PkdD

and M�CTE showed the same apparent molecular mass, �35 kDa
(Fig. 3A), suggesting that the ChBD had also been cleaved from
M�PkdD. The larger apparent molecular masses of MWT and
M�ChBD than of M�PkdD and M�CTE suggest that their PkdDs had
not been processed. Therefore, the conversion of IWT to MWT

must involve truncation of both the linker peptide and the ChBD
(Fig. 3D). The conversion of N*-IWT to MWT and the release of
enzymatic activity were accelerated at high protein concentrations
(data not shown) or in the presence of supplemental active MWT

(Fig. 3B), suggesting that the processing of N*-IWT to MWT occurs
intermolecularly (i.e., trans-processing) (Fig. 3D).

To determine whether the SptC precursor could be trans-pro-
cessed to the intermediate and/or the mature form, the active-site
mutant SptCS230A was incubated with MWT. As shown in Fig. 3C,
SptCS230A was not converted into the intermediate and/or the
mature form but was instead degraded by MWT. Conversion of
SptC* to N*-IWT, however, was independent of protein concen-
tration (data not shown). These results suggest that conversion of
SptC* to the N*-IWT complex occurs in an intramolecular manner
(i.e., cis-processing) (Fig. 3D). The apparent molecular mass of
the major degradation product of SptCS230A (band C in Fig. 3C)
was similar to that of the degradation product derived from SptC*
(band C in Fig. 3A). Both proteins could be detected upon anti-
His tag immunoblot analysis (data not shown), suggesting that
they are the cleaved C-terminal fragments. The five N-terminal
residues of the SptC*-derived product (band c in Fig. 3A) were
identified as ALVDE, indicating that cleavage of the C-terminal
fragment occurs at the Ala281-Ala282 bond in the catalytic domain
of SptC (Fig. 3D). Evidence showing that the C-terminal fragment
(but not the catalytic domain) accumulated after degradation of
SptCS230A by MWT suggests that the PkdD and ChBD are more
resistant to proteolysis than the catalytic domain. Therefore, the
appearance of the product (band C in Fig. 3A) during the matu-
ration of SptC* was most likely due to degradation of the catalytic
domain by the active enzyme that matured earlier.

ChBD-mediated binding of SptC to chitin. The presence of
the ChBD in SptC raised the possibility that this domain mediates
the binding of SptC to chitin. To examine this possibility, binding
assays were carried out using insoluble chitin. As shown in Fig. 4A,
proteins containing a ChBD (e.g., SptCS230A, IWT, I�PkdD, CTE*,
and ChBD*) bound to chitin to differing extents (�50 to 90%),
whereas the proteins lacking a ChBD (e.g., I�ChBD, I�CTE, MWT,
and PkdD*) showed no significant binding capacity, suggesting
that the ChBD alone mediates the binding of the enzyme to chitin.
We observed that about 80 to 90% of ChBD* and CTE* bound to
chitin, whereas �50% of SptCS230A and IWT remained unbound
under the same conditions (Fig. 4A), indicating that the chitin-
binding capacity of the ChBD is weakened when the ChBD is
covalently attached to the C terminus of the SptC catalytic do-
main. In addition to interacting with chitin, the ChBD probably
also participates in the interdomain interaction in the proform
and the autoprocessed complex of SptC, and there appears to be a
certain degree of competition between the two interactions. In
addition, the chitin-binding capacity of CTE* became stronger
with increasing concentrations of NaCl at both 0°C and 37°C (Fig. 4B),

indicating that the binding of the SptC ChBD to chitin is salt
dependent.

Chitin-accelerated activation of SptC. Based on the findings
that the ChBD is processed from the mature form but mediates the
binding of the intermediate to chitin, we hypothesized that ChBD-
mediated binding of the intermediate to chitin contributes to
SptC maturation. To address this issue, we investigated the effect
of chitin on activation of inactive autoprocessed complexes de-
rived from SptC*, SptC�PkdD, SptC�ChBD, and SptC�CTE. In
the absence of chitin, N*-IWT activated faster than N*-I�ChBD,
N*-I�PkdD, and N*-I�CTE (Fig. 5), indicating that enzyme activa-
tion is facilitated by the ChBD and the PkdD. Meanwhile, activa-
tion of the PkdD-containing autoprocessed complex (N*-IWT or
N*-I�ChBD) was faster than that of the complex lacking the PkdD
(N*-I�PkdD or N*-I�CTE), suggesting that the interaction between
the PkdD and the catalytic domain is important for enzyme acti-
vation in the absence of chitin. Notably, activation of all four au-
toprocessed complexes was significantly accelerated in the pres-
ence of chitin (Fig. 5). The fact that chitin accelerated the

FIG 4 ChBD-mediated binding of SptC to chitin. (A) Chitin-binding capac-
ities of SptCS230A, the intermediate forms (IWT, I�ChBD, I�PkdD, and I�CTE),
the mature form (MWT), and the C-terminal fragments (ChBD*, PkdD*, and
CTE*). Each protein (5 �g/ml) was incubated in 300 �l of buffer A (50 mM
Tris-HCl, 10 mM CaCl2 [pH 8.0]) containing 5 M NaCl at 0°C for 30 min in
the absence (lane 1) or presence (lane 2) of 5 mg of insoluble chitin. After
centrifugation, 120 �l of the supernatant was subjected to SDS-PAGE analysis.
Numbers given on the right of the images indicate the densitometric ratios of
unbound protein (lane 2) to the control (lane 1) and are expressed as the
means � SDs of three independent experiments. (B) Salt dependence of the
binding of the CTE* to chitin. CTE* (5 �g/ml) was incubated at 0 or 37°C for
30 min without chitin and NaCl (lane C) or with 5 mg of insoluble chitin in 300
�l of buffer A containing different concentrations of NaCl (1 to 5 M). After
centrifugation, the supernatants were subjected to SDS-PAGE analysis.
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activation of N*-I�CTE suggests that the interaction of chitin with
the catalytic domain and/or the N-terminal propeptide facilitates
conversion of the autoprocessed complex into the active mature
form. Moreover, the chitin-accelerated activation of the autopro-
cessed complex containing a ChBD (N*-IWT or N*-I�PkdD) was
faster than that of the autoprocessed complex lacking a ChBD
(N*-I�ChBD or N*-I�CTE) (Fig. 5). These results indicate that
ChBD-mediated chitin binding aids SptC maturation by promot-
ing activation of the autoprocessed complex.

Properties of the mature enzymes. To characterize the mature
form of SptC and investigate the role of the PkdD, mature en-
zymes containing (MWT and M�ChBD) and lacking (M�PkdD and
M�CTE) the PkdD were purified (Fig. 6A). Using azocasein as the
substrate, the four mature forms were found to be most active at a
NaCl concentration of 3 to 3.5 M (Fig. 6B). Notably, MWT and
M�ChBD showed higher azocaseinolytic activity than M�PkdD and
M�CTE over the whole range of NaCl concentrations tested (Fig.
6B). The activity of the MWT and M�ChBD forms against the small
synthetic substrate suc-AAPF-pNA was higher than that of the
M�PkdD and M�CTE forms (Fig. 6C). These results demonstrate
that the PkdD enhances the enzymatic activity of SptC.

In the presence of 3.5 M NaCl, the four mature forms were
stable at 40°C and retained more than 90% of their original activ-
ities after a 1-h incubation (data not shown). To investigate
whether the PkdD contributes to enzyme stability, inactivation
profiles of the four mature forms were determined at elevated
temperature (e.g., 60°C) and various NaCl concentrations. As

shown in Fig. 6D, the four mature forms displayed similar heat
inactivation profiles at NaCl concentrations of 3 to 5 M, indicating
that the deletion of the PkdD has no effect on enzyme stability. As
the salinity increased, the four mature forms became more resis-
tant to heat inactivation (Fig. 6D), reflecting their halophilic na-
ture. SDS-PAGE analysis of the heat-treated samples revealed that
all four mature forms autodegraded more easily as the salinity
decreased (Fig. 6E), indicating that these enzymes are more sensi-
tive to thermal denaturation at lower NaCl concentrations and the
enzymes that were denatured earlier would be degraded by those
that were denatured later. These results suggest that the structure
of SptC is salt dependent and that the PkdD does not confer extra
stability on the enzyme.

Enzymatic deproteinization of SSP using SptC. In biomass,
chitin is closely associated with proteins; thus, the preparation of
chitin from chitin-containing biomass involves a deproteinization
process. The chitin-binding capacity of SptC prompted us to in-
vestigate whether this enzyme can remove proteins from chitin-
containing biomass and whether the ChBD facilitates the depro-
teinization process. As shown in Fig. 7A, incubation of SSP with
MWT led to the release of soluble peptides from SSP, indicating
that mature SptC hydrolyzes chitin-associated proteins. A sample
treated with N*-I�ChBD showed a slower release of soluble peptides
than did an MWT-treated sample (Fig. 7A), probably due to the
time delay in activation of the autoprocessed complex (Fig. 7B).
Similar to the case of chitin-accelerated enzyme activation (Fig. 5),
the ChBD-containing autoprocessed complex N*-IWT activated

FIG 5 Chitin-accelerated activation of SptC. Autoprocessed complex (N*-IWT, N*-I�ChBD, N*-I�PkdD, or N*-I�CTE) at a concentration of 5 �g/ml was kept
standing and incubated 40°C in buffer A (50 mM Tris-HCl, 10 mM CaCl2 [pH 8.0]) containing 5 M NaCl at in the absence (
) or presence (	) of 4 mg/ml of
chitin. At the indicated times, aliquots were removed and subjected to azocaseinolytic-activity assay. Values are expressed as the means � SDs (bars) of three
independent experiments, and the highest mean activity value observed during the maturation process was defined as 100% to determine relative activity.
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faster than N*-I�ChBD when incubated with SSP (Fig. 7B), suggest-
ing that ChBD-mediated binding of N*-IWT to shrimp shell chitin
facilitates enzyme maturation. It was noted that at the same en-
zyme concentration (0.4 �M), the N*-IWT-treated sample showed
a faster release of soluble peptides than the MWT-treated sample
(Fig. 7A), although removal of SSP protein in the two samples
reached a plateau after 3 days and the degrees of deproteinization
were comparable in the two samples (37 and 42%, respectively,

Fig. 7C). One reasonable explanation for the slowdown of the
deproteinization rate at the late stage of the treatment is that the
accumulated soluble peptides compete with SSP-bound proteins
for access to the enzyme active site. Interestingly, the amount of
soluble peptides released in the N*-IWT-treated sample was �2-
fold higher than that in the MWT-treated sample during the early
stage of the treatment (e.g., 0.5 days) (Fig. 7A), but the corre-
sponding level of azocaseinolytic activity of the former sample was

FIG 6 Properties of the mature enzymes. (A) SDS-PAGE analysis of the purified mature enzymes. (B) Salt dependence of enzyme activity. The azocaseinolytic
activity of the mature enzymes was measured at 40°C in buffer A containing different concentrations of NaCl. (C) Enzymatic hydrolysis of suc-AAPF-pNA.
Enzyme activity was measured at 40°C using suc-AAPF-pNA (0.1 mM) as the substrate in buffer A containing 3.5 M NaCl. (D and E) Heat inactivation of the
mature enzymes. The mature enzymes (3 �g/ml) were incubated at 60°C in buffer A (50 mM Tris-HCl, 10 mM CaCl2 [pH 8.0]) containing 3, 4, or 5 M NaCl. At
the indicated times, aliquots were removed and subjected to azocaseinolytic-activity assay (D) and SDS-PAGE analysis (E). Residual activity is expressed as a
percentage of the original activity of each sample (D). Values (B, C, and D) are expressed as the means � SDs (bars) of three independent experiments.

FIG 7 Deproteinization of SSP by SptC. (A and B) Release of soluble peptides from SSP by enzymatic treatment (A) and proteolytic-activity assay of the reaction
mixture (B). SSP (2 mg) was incubated with MWT, N*-IWT, or N*-I�ChBD (0.4 �M) at 40°C in 200 �l of buffer A (50 mM Tris-HCl, 10 mM CaCl2 [pH 8.0])
containing 5 M NaCl. At the indicated times, the soluble fraction was recovered from the reaction mixture by centrifugation and subjected to absorbance
measurement at 280 nm (A) and azocaseinolytic-activity assay (B). Relative azocaseinolytic activity was calculated with the original activity of the MWT-treated
sample, defined as 100%. (C) Percent deproteinization of SSP using different enzyme samples. After 6 days of treatment with different concentrations of MWT (0.2
to 0.6 �M), N*-IWT (0.2 to 0.4 �M), or 0.4 �M N*-I�ChBD as described above, SSP in the reaction mixture was recovered by centrifugation and the degree of
deproteinization was determined. For reference purposes, 0% deproteinization was defined as 24.4 mg of protein contained in 1 g of SSP without enzyme
treatment. Values are expressed as the means � SDs (bars) of three independent experiments.
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significantly lower than that of the latter (Fig. 7B). It is very likely
that ChBD-mediated binding of N*-IWT to SSP not only promotes
enzyme activation but also increases the local concentration of
active enzyme around the SSP, thus enhancing deproteinization.
This is supported by the observation that the level of SSP protein
removal by MWT was dependent on the enzyme concentration
(Fig. 7C).

DISCUSSION

The results presented here demonstrate that the autocatalytic
maturation of SptC occurs in a stepwise manner (Fig. 8). First, the
core domain of the N-terminal propeptide (N*) is cis-processed to
yield an autoprocessed complex (N*-IWT). Next, the five-residue
linker peptide and the C-terminal ChBD are trans-processed from
the intermediate (IWT) and N* is degraded, leading to generation
of the active mature form composed of the catalytic domain and
the PkdD. A recent report demonstrated that the maturation of
halolysin Nep from N. magadii proceeds autocatalytically (10).
The major difference between the maturations of the two haloly-
sins is that the Nep precursor can be trans-processed into its ma-
ture form by active Nep, but the SptC precursor is degraded by
active mature SptC. Generation of the mature enzyme via trans-
processing of the N-terminal propeptide of the precursor or the
proform, either auto- or heterocatalytically, has also been de-
scribed for other subtilases (27, 35–38). In the precursor of the
WF146 protease from thermophilic Bacillus sp. WF146, a 12-res-
idue linker peptide between the core domain of the N-terminal
propeptide and the catalytic domain comprises a proteolytically
sensitive region, but the catalytic domain adopts a stable confor-
mation that is resistant to proteolysis, allowing the trans-process-
ing reaction to occur auto- and heterocatalytically (38). Although
the SptC precursor contains a five-residue linker peptide, its cat-
alytic domain is susceptible to proteolysis. Therefore, the presence
of the active mature enzyme leads to degradation of the SptC
precursor rather than trans-processing of the precursor to the ma-
ture form. In contrast to the precursor, the autoprocessed com-
plex of SptC can be trans-processed to the mature form by the
active mature enzyme, indicating that after cis-processing of N*,
the catalytic domain of the autoprocessed complex adopts a pro-
teolysis-resistant conformation. The structural change induced by
the cis-processing reaction appears to be an indispensable step for
proper maturation of SptC.

The PkdD of SptC does not confer extra stability on the enzyme
but instead contributes to the enzymatic activity of the mature
form. Although the PkdD of SptC and the CTEs of other haloly-
sins (e.g., SptA and Nep) show no significant homology, they are
predicted to adopt a similar �-jelly roll-like structure. The impor-
tance of the CTE to enzymatic activity has been reported for ha-
lolysins R4 (7), SptA (11), and Nep (10). The CTE of SptA assists
enzymatic activity toward protein substrates rather than small-
peptide substrates by facilitating the binding of protein substrates
for catalysis (11). In contrast, the presence of the PkdD increases
the activity of mature SptC against both protein and smaller-pep-
tide substrates. Whether the effect of the PkdD on enzymatic ac-
tivity is due to a direct steric influence or to an indirect influence
(e.g., induction of structural changes in the active site) remains to
be determined. Our results also indicate that the PkdD is benefi-
cial for the maturation of SptC, as evidenced by the finding that
PkdD-containing autoprocessed complexes (N*-IWT and N*-
I�ChBD) activate faster than those without a PkdD (N*-I�PkdD and
N*-I�CTE). Apparently, the increased enzymatic activity afforded
by the PkdD enables active enzyme that matures earlier to trans-
process the autoprocessed complex more efficiently during the
maturation process. In addition, the possibility that the PkdD in-
teracts with the catalytic domain to promote the activation of the
autoprocessed complex cannot be excluded.

In comparison with other halolysins, a unique feature of SptC is
that its CTE contains an additional ChBD. The absence of a ChBD in
the mature form suggests that this domain is dispensable for enzy-
matic activity. However, the ChBD mediates chitin binding of the
autoprocessed complex to accelerate SptC maturation. Notably, ac-
tivation of the autoprocessed complex of the mutant lacking both
PkdD and ChBD (N*-I�CTE) is also accelerated in the presence of
chitin, demonstrating that the interaction between chitin and the cat-
alytic domain and/or the N-terminal propeptide enhances enzyme
maturation. Most likely, interaction with chitin results in a structural
adjustment of the autoprocessed complex that facilitates its activa-
tion. Therefore, ChBD-mediated binding of the autoprocessed com-
plex to chitin increases the chance of this interaction, thus further
accelerating SptC maturation. Moreover, binding of the autopro-
cessed complex to chitin would lead to an increase in the local enzyme
concentration, thus facilitating the trans-processing of the autopro-
cessed complex to the mature form (Fig. 8).

FIG 8 Proposed model for autocatalytic maturation of SptC. The core domain (N*) of the N-terminal propeptide in the proform is cis-processed by the active
site of the catalytic domain (CD) to yield the autoprocessed complex (step 1). The active site is indicated by a star. Next, the linker peptide and the ChBD are
trans-processed and N* is degraded, generating the active mature form containing the CD and the PkdD (step 2). Active enzyme that matured earlier can catalyze
(	) the step 2 reaction to accelerate the maturation process. ChBD-mediated binding of the autoprocessed complex to chitin not only accelerates conversion of
the complex into the mature form but also increases the local enzyme concentration to promote enzyme activation and improve the deproteinization of
chitin-containing biomass, such as shrimp shell (see Discussion for details). Note that minerals, lipids, and pigments in chitin-containing biomass are not shown.
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It has been reported that the chitin-binding protease AprIV
plays an important role in the chitinolytic system of P. piscicida
strain O-7 and that deproteinization of native chitin (prawn shell
cuticle powder) using AprIV significantly enhances chitinase ac-
tivity, probably by facilitating the approach of chitinase to chitin
molecules (21). Our results showed that Natrinema sp. J7-2 pos-
sesses a chitin metabolism-related gene cluster and has the ability
to degrade chitin. Although it remains to be determined whether
SptC participates in chitin degradation by the haloarchaeon, the
results presented here demonstrate that SptC is capable of remov-
ing proteins from chitin-containing biomass such as shrimp shell.
Interestingly, ChBD-mediated binding of the SptC autoprocessed
complex to chitin accelerates protein removal, probably by in-
creasing the local protease concentration around the substrate.
Meanwhile, the cleavage of the ChBD after enzyme maturation
allows the mature SptC to freely access proteins that surround
chitin in biomass and thus facilitates the deproteinization process.
Moreover, the deproteinization reaction catalyzed by halophilic
SptC can be carried out at high salt concentrations to minimize
the risk of microbial contamination. By virtue of these properties,
SptC is highly attractive for use in preparing chitin from chitin-
containing biomass. Nevertheless, the susceptibility of SptC to
proteolysis appears to be one major drawback that may limit its
application. Improving the resistance of the enzyme to proteolytic
attack through protein engineering is expected to overcome this
problem.
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