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Background: The mechanism of marine elastin degradation is unclear.
Results: A novel M23 metalloprotease pseudoalterin from a marine bacterium degraded elastin by cleaving both the glycyl
bonds and the peptide bonds involved in cross-linking.
Conclusion: Pseudoalterin adopts a novel elastolytic mechanism different from other M23 metalloproteases.
Significance: The results shed light on the mechanism of marine elastin degradation.

Elastin is a common insoluble protein that is abundant in
marine vertebrates, and for this reason its degradation is impor-
tant for the recycling of marine nitrogen. It is still unclear how
marine elastin is degraded because of the limited study of
marine elastases. Here, a novel protease belonging to theM23A
subfamily, secreted byPseudoalteromonas sp. CF6-2 fromdeep-
sea sediment, was purified and characterized, and its elastolytic
mechanism was studied. This protease, named pseudoalterin,
has low identities (<40%) to the knownM23 proteases. Pseudo-
alterin has a narrow specificity but high activity toward elastin.
Analysis of the cleavage sites of pseudoalterin on elastin showed
that pseudoalterin cleaves the glycyl bonds in hydrophobic
regions and the peptide bonds Ala–Ala, Ala–Lys, and Lys–Ala
involved in cross-linking. Two peptic derivatives of desmosine,
desmosine-Ala-Ala and desmosine-Ala-Ala-Ala, were detected
in the elastin hydrolysate, indicating that pseudoalterin can dis-
sociate cross-linked elastin. These results reveal a new elasto-
lytic mechanism of the M23 protease pseudoalterin, which is
different from the reported mechanism where the M23 pro-
teases only cleave glycyl bonds in elastin. Genome analysis sug-
gests thatM23 proteasesmay be popular in deep-sea sediments,
implying their important role in elastin degradation. An elastin
degradation model of pseudoalterin was proposed, based on
these results and scanning electron microscopic analysis of the
degradation by pseudoalterin of bovine elastin and cross-linked
recombinant tropoelastin. Our results shed light on the mecha-
nism of elastin degradation in deep-sea sediment.

Elastin is used in diverse tissues that require elasticity and as
such are insoluble proteins that are abundant in all higher
organisms, including marine animals (1). On this basis, elastin
represents an important component of marine organic nitro-
gen, and its degradation cannot be ignored for marine nitrogen
recycling.
The formation of elastin is classically characterized by four

stages as follows: tropoelastin synthesis and secretion, associa-
tion through coacervation, deposition on microfibrils, and
cross-linking (2). Tropoelastin is the precursor of elastin whose
sequence contains two major types of domains, hydrophobic
and hydrophilic regions. The hydrophobic domains are rich in
nonpolar residues, Gly, Val, and Pro, whereas the classical
hydrophilic domains participate in cross-linking and aremostly
composed of Lys and Ala (1). Secreted tropoelastin molecules
are �15-nm asymmetric monomers that aggregate on the cell
surface to form spherules through coacervation by hydropho-
bic interactions (3–6). In vitro observation of coacervated
recombinant tropoelastin has demonstrated that this associa-
tion is a noncovalent process that can by reversed by simple
changes in environmental conditions such as temperature and
salt (7). These spherules deposit on microfibrils for further
coacervation and alignment promoted by microfibrillar pro-
teins (2). Lysine residues on the massed tropoelastin spherules
are oxidized and polymerized to bi-, tri-, and tetrafunctional
cross-links, including desmosine (DES)2 and isodesmosine
(IDE), to form native elastin networks with the participation of
lysyl oxidase (8). Various sizes of tropoelastin aggregates before
being cross-linked have been identified in vitro, ranging from
�200 nm to 2–6�m(2, 5, 9, 10). However, the precise details of
elastin assembly in vivo are still unclear.
Human tropoelastin is translated from a single gene and

spliced to multiple isoforms. Exon 26A is a unique domain in
human elastin that is usually spliced out in healthy elastic tissue
and is occasionally retained under damaged elastin conditions
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(11). Tropoelastin SHELdelta26A corresponding to amino acid
residues 27–724 of GenBankTM entry AAC98394 (gi182020) is
an isoform of synthetic human elastin without domain 26A.
Tropoelastin SHELdelta26A can reversibly associate by coacer-
vation at suitable temperature, concentration, NaCl concentra-
tion, and pH (12). Additionally, chemical cross-linker bis(sulfo-
succinimidyl) suberate (BS3) has been used to cross-link the
SHELdelta26A tropoelastin to study the structural features of
tropoelastin monomer (10).
Because of their insoluble and highly cross-linked nature,

elastin is resistant to most proteases, except for a limited num-
ber of elastases. Although some serine proteases and metallo-
proteases from terrestrial bacteria are reported to be elastases,
there are very few studies on marine elastase-producing bacte-
ria and elastases (13, 14). For this reason, the mechanism of
marine elastin degradation remains unclear.
The metalloproteases of family M23 are divided into two

subfamilies,M23A andM23B. Thus far, threemetalloproteases
are known for family M23A, six in M23B and one that is not
assigned to a subfamily; these proteases are all from terrestrial
bacteria (15–23). Proteases in this family are designated by their
lysis of other organisms for nutrition and infection (23, 24).
M23B subfamily proteases are additionally proposed to be
required in cell separation (25, 26). The metalloproteases of
family M23 are all endopeptidases that are synthesized as pre-
cursors and are activated extracellularly. Because they are not
autoprocessed during maturation, it is difficult to heteroge-
neously express the M23 proteases, which somewhat limits
their biochemical analysis. These proteases contain a zinc ion,
and the active site residues occur in HXXXD and HXHmotifs.
They are all � proteins containing two stacked half-�-barrels,
and the active site is at the end of the larger C-terminal barrel
(27). All the M23 proteases have a preference for cleavage of
glycyl bonds (23, 28–32). For this reason, elastin is recognized
as a preferred substrate for theM23 proteases because there are
�33% glycine residues in the tropoelastin sequence (33). Nev-
ertheless, the elastolytic mechanism of the M23 proteases is
largely unclear. Studies on the specificity of the M23 proteases
show that they cleave glycyl bonds, including Gly-Gly, Gly-Ala,
Gly-Phe, Gly-Leu, Gly-His, and Gly-Trp, where Gly-Gly is the
most preferred (15, 24, 28–31, 34).
It is generally assumed that except for glycyl bonds very few

other peptide bonds can be cleaved by theM23 proteases. It was
reported that �-lytic endopeptidase could cleave the Val-18–
Cya-19 bond in oxidized insulin B chain and the N-acylmu-
ramoyl-L-Ala bond between the cell wall glycoproteins (35), but
the relevance of these isolated examples is unclear.
Pseudoalteromonas sp. CF6-2 is a protease-producing bacte-

rium isolated from the deep-sea sediment in the Jiulong meth-
ane reef area off the southwest of the island of Taiwan (36). In
this study, a novel M23 metalloprotease secreted by strain
CF6-2, designated pseudoalterin, was purified and character-
ized.Moreover, the elastolyticmechanismof pseudoalterinwas
studied in detail by biochemical experiments and through SEM
observations, thus revealing that pseudoalterin digests elastin
effectively by a mechanism that is distinct from the reported
M23 proteases. The results help to clarify the degradation
mechanism of deep-sea sedimentary elastin.

EXPERIMENTAL PROCEDURES

Experimental Materials—Pseudoalteromonas sp. CF6-2 was
isolated from the deep-sea sediment at a water depth of 2441m
at site 119° 30.060�E, 22° 0.316�N in the Jiulong methane reef
area off the southwest of the island of Taiwan during the South
China Sea Open Cruise of R/V Shiyan 3 (36). Escherichia coli
DH5� was purchased fromNovagen and cultivated at 37 °C on
Luria-Bertani (LB) medium supplemented with ampicillin (0.1
mg/ml) for selection of transformants. Insoluble type I collagen
fiber (bovine achilles tendon) was purchased from Worthing-
ton. �-casein, gamma globulin, elastinorcein, BS3, and bovine
neck ligament elastin isoform 1 (SwissProt accession number
P04985–1) (hereafter called bovine elastin) were purchased
from Sigma, and gelatin was from Boston Biomedical Inc. DES
was purchased fromMerck.
Protease Purification—Pseudoalteromonas sp. CF6-2 was

cultured at 15 °C for 48 h in the fermentationmedium contain-
ing 0.2% (w/w) yeast extract, 0.3% (w/w) bovine elastin, 0.5 mM

CaCl2, 0.5 mM Na2HPO4, and artificial seawater (pH 8.0). The
culture was centrifuged at 10,000 � g, 4 °C for 10 min. The
supernatant was dialyzed against Tris-HCl buffer (50 mM Tris-
HCl (pH 9.0)) for desalination. The dialyzed sample then was
loaded onto a DEAE-Sepharose Fast Flow column (Amersham
Biosciences), and bound proteins were eluted with an increas-
ing gradient NaCl (0–0.3 M). Fractions with protease activity
were collected. The purified protease was analyzed by 12.5%
SDS-PAGE, and was named pseudoalterin.
N-terminal Sequence Analysis—The purified pseudoalterin

electrophoresed into SDS-polyacrylamide gel was transferred
to a Sequi-Blot polyvinylidene difluoride membrane (Bio-Rad).
The N-terminal sequence of pseudoalterin was obtained by
Edman degradationwith PROCISE491 (Applied Biosystems) at
Beijing University (China), and the resulting sequence was
ATFTMNLPWSQGYYY. This sequence was subjected to
NCBI Blastp, which showed that it has a relatively high identity
with staphylolysin, a protease in family M23A.
Gene Cloning—Two degenerate primers were designed,

based on the N-terminal sequence of pseudoalterin and the
conserved sequence in the catalytic domain of peptidases in
family M23. The genomic DNA of Pseudoalteromonas sp.
CF6-2 was extracted using a genomic extraction kit (Bioteke,
China). Using the genomic DNA of Pseudoalteromonas sp.
CF6-2 as template, PCR amplification was performed using
EasyTaq DNA polymerase (TransGen Biotech, China) for 30
cycles consisting of 94 °C for 30 s, 55 °C for 1 min, and 72 °C for
2min. A 303-bp fragment was amplified and sequenced by Bio-
sune Inc. (China). The thermal asymmetric interlaced PCRwas
then performed as described by Chen et al. (37), and the
remainder of the gene was amplified. Through assembly, a
1212-bp open reading frame encoding pseudoalterin was
obtained. Following verification by PCR, the sequence of this
gene was submitted to GenBankTM under the accession num-
ber HQ005379.
Enzyme Assays and Protein Determination—The proteolytic

activity on casein was determined at 25 °C in Tris-HCl buffer
(50 mM (pH 9.0)) as described by He et al. (38). One unit of
caseinolytic activity was defined as the amount of 1 �g of tyro-
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sine that formed by enzyme catalysis in 1 min. Collagenolytic
and elastolytic activities were assayed at 25 °C (39), and the
proteolysis of gelatin was measured at 25 °C according to the
method recommended by Worthington (40). One unit of elas-
tinolytic activity was defined as the amount of enzyme that
increased 0.01 unit of absorbance at 590 nm/min. For collagen
and gelatin, 1 unit is defined as the release of 1�mol of L-leucine
equivalents from collagen in 5 h and from gelatin in 1 min.
Fibrin degradationwas determined electrophoretically (41). To
assay the activity of pseudoalterin on gamma globulin, 50 �g of
the substrate was treated with 0.6 �g of pseudoalterin at 25 °C
for 0–120min, and then the digested sampleswere subjected to
SDS-PAGE. Proteolytic activity using the substrates furyl-
acryloyl-Gly-Leu-NH2 and furylacryloyl-Gly-Phe-NH2 was
detected using Feder’s method (42). Bradford assays were used
to determine protein concentrations (43) with bovine serum
albumin (Sigma) as the standard.
Analysis of the Cleavage Sites of Pseudoalterin on Oxidized

Insulin B Chain—Pseudoalterin was incubated with oxidized
insulin B chain (1:40, by mass) in 50 mM Tris-HCl (pH 9.0) at
25 °C for 5, 10, and 15min. 1% trifluoroacetic acid was added to
terminate the reaction. The products were separated on a C18
column (Venusil MP C18, China) using a high performance
liquid chromatography (HPLC) Shimadzu system with two
LC-20ATpumps and an SPD-M20A spectrometer (44).Molec-
ular masses of the hydrolytic peptides were analyzed by liquid
chromatography-mass spectrometry (LC-MS) Ion Trap 6340
(Agilent), and the sequences of the peptides were obtainedwith
MASCOTMS/MS Ion Research tools.
LightMicroscope Observation of Bovine Elastin Hydrolysis by

Pseudoalterin—Bovine elastin (10 mg) was incubated with
pseudoalterin (10 �g) in 0.5 ml of 50 mM Tris-HCl (pH 9.0) at
25 °Cwith continuous stirring. Bovine elastin in the samebuffer
without pseudoalterin served as negative controls. After treat-
ment for either 1 or 2 h, samples were assessed by inverted
microscopy (Olympus IX71, Japan) at room temperature.
Cleavage Sites for Pseudoalterin on Bovine Elastin—Soluble

products from pseudoalterin digestion of 10 mg of elastin were
boiled for 10 min to terminate the reaction and loaded onto
LC-MS to analyze the molecular masses of the released pep-
tides. The sequences of these peptides were analyzed by MAS-
COTMS/MS Ion Research tools and ExPASy tools.
To confirm these cleavage sites, peptides GVGVAP,

IGGGAGG, GIGLGP, PGAGARF, AAAKAA, and AAAAA-
KAAAK were synthesized by ChinaPeptides Co., Ltd. (China).
Each of these peptides (5 �g) was mixed with 5 �g of pseudo-
alterin in 50 �l of 50 mMTris-HCl (pH 9.0). After incubation at
25 °C for 600 min for GVGVAP, IGGGAGG, GIGLGP, and
PGAGARF and 110 min for AAAKAA and AAAAAKAAAK,
reactions were terminated by the addition of 1% trifluoroacetic
acid. Molecular masses and sequences of all peptides were then
determined as described above.
Detection of Desmosine Derivatives Released from Bovine

Elastin by Pseudoalterin—Twenty milligrams of bovine elastin
was mixed with 20 �g of pseudoalterin in 500 �l of 50 mM

Tris-HCl (pH 9.0). The mixture was incubated at 25 °C for 36 h
followed by addition of 500 �l of 4% sulfosalicylic acid to ter-
minate the reaction and precipitate long peptides. After centrif-

ugation at 10,000 � g for 10 min, the supernatant was lyophi-
lized and redissolved in 50 �l of 0.01 M hydrochloric acid. DES
and its derivatives in the sample were desalinated and detected
using Ion Trap 6340 LC-MS (Agilent). DES standard was pre-
pared in 0.01 M HCl at a final concentration of 2 mg/ml. The
same treatment with BSA instead of bovine elastin served as
controls.
Preparation, Degradation, and Observation of Cross-linked

Recombinant Tropoelastin—Recombinant human tropoelastin
isoform SHELdelta26A was purified as described previously
(12, 45). Tropoelastin was dissolved to 10 mg/ml in 10 mM

phosphate-buffered saline (PBS) (pH 7.4). Chemical cross-
linker BS3 (10mM) was added to the solution, which was spread
thinly on aluminum foil and incubated at 37 °C for 30 min to
cross-link. The cross-linked tropoelastin was washed with the
PBS repeatedly, followed by hydrolysis with 0.1 mg/ml pseudo-
alterin for 10 and 15 min at 25 °C. The residual cross-linked
layer was washed and dehydrated (10). The samples on the alu-
minum foil were spatter-coated with 5 nm of platinum and
examined with a Hitachi FE-S4800 scanning electron micro-
scope (SEM) at 5.0 kV.
SEM Observation of Bovine Elastin Degradation by Pseu-

doalterin—Five milligrams of bovine elastin was mixed with 10
�g of pseudoalterin in 200 �l of 50 mM Tris-HCl (pH 9.0), and
themixture was incubated at 25 °C with continuous stirring for
different times. The same reaction system without pseudo-
alterin served as the negative control. After washing twice with
deionized water, the insoluble mass was lyophilized, mounted
on stubs, and examined by SEM as described above.

RESULTS

Purification and Physicochemical Characterization of the
Protease Secreted by Pseudoalteromonas sp. CF6-2—The most
abundant protease secreted by strain CF6-2 was purified to
homogeneity from the culture supernatant, which resulted in
1.5-fold purification and a final yield of 33.7% (supplemental
Table S1 and supplemental Fig. S1). SDS-PAGE analysis
indicated an apparent molecular mass of about 19 kDa (supple-
mental Fig. S2). This purified protease was designated pseudo-
alterin. The specific activity of pseudoalterin toward elastinor-
cein at 25 °C in 50 mM Tris-HCl (pH 9.0) was quite high. The
activity of pseudoalterin toward elastinorcein was detectable
over a broad range from pH 7 to 11 with a maximal activity at
pH 9.5, whereas the optimal temperature of pseudoalterin was
25 °C (supplemental Fig. S3 and Table 1). The half-life of pseu-
doalterin activity was 14.13 min at 35 °C, indicating a low ther-
mostability (supplemental Fig. S4). Pseudoalterin appeared to
require zinc ion for its hydrolytic activity as 1mM 1,10-phenan-
throline completely abolished its activity against elastinorcein.
Addition of 2 mM Zn2� inhibited the activity of pseudoalterin
severely (Table 2), which is consistent with the behavior of
other zinc-dependent metalloproteases (46).
Gene Cloning and Sequence Analysis of Pseudoalterin—N-

terminal sequence analysis suggested that pseudoalterin is
probably a member of family M23. Based on the N-terminal
sequence of pseudoalterin and the conserved sequence in the
catalytic center of familyM23 proteases, the complete genewas
cloned by a combination of PCR and thermal asymmetric inter-
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laced PCR. The open reading frame of this gene encodes the
403-amino acid precursor of pseudoalterin. This precursor
contains a signal peptide sequence of 22 residues (Met-1 to
Ala-22), as predicted by SignalP 3.0 (47). A propeptide of 208
residues (Gly-23 to Gln-230) between the signal peptide and
mature pseudoalterin was determined according to the N-ter-
minal sequence of the mature protein. The mature enzyme
pseudoalterin includes 173 residues (Ala-231 to Arg-403) (sup-
plemental Fig. S5). BLAST searching the NCBI Conserved
Domain Database (CDD version 3.06; www.ncbi.nlm.nih.gov)
indicated that pseudoalterin is a zinc metallopeptidase belong-
ing to the peptidaseM23 family. Pseudoalterin shows the high-
est identity (53%) to a hypothetical metalloprotease from Pseu-
doalteromonas tunicata D2 (accession number EAR27283).
Among the characterized proteases, pseudoalterin shows the
highest identity (39%) to staphylolysin from Pseudomonas
aeruginosaPAO1 (accession numberAAG05260), a protease of
theM23A subfamily. The conserved residues in and around the
active site of M23 proteases are also found in pseudoalterin

(Fig. 1). These results all point to pseudoalterin as a novel met-
alloprotease of the M23A subfamily.
Substrate Specificity of Pseudoalterin—The substrate speci-

ficity of pseudoalterin for proteins and peptides was assayed
and compared with that of pseudolysin, a known bacterial ela-
stase in family M4 (48), and myroilysin, a characterized bacte-
rial elastase in family M12 frommarine sediment (13). Pseudo-
alterin had very high activity toward elastinorcein (528 units/
mg), much higher than pseudolysin and myroilysin. Except for
elastin, pseudoalterin showed little hydrolysis of any other pro-
teins that were tested, including casein, type I collagen fibers,
fibrin, and gamma-globulin (Table 3 and supplemental Fig. S6).
Pseudoalterin displayed only slight activity for gelatin (Table 3).
Those peptides that were released from the oxidized insulin

B chain by pseudoalterinwere separated and analyzed byHPLC
andLC-MS (supplemental Fig. S7). The cleavage siteswere ana-
lyzed by MASCOT MS/MS Ion Research tools (supplemental
Table S2). As shown in Table 3, 10 cleavage sites were identi-
fied, amongwhich two cleavage sites (Tyr-162Leu-17 and Lys-
292Ala-30) were also reported formyroilysin and pseudolysin,
whereas the cleavage site Gly-232Phe-24 was in accord with
the specificity of the typical protease of family M23, �-lytic
endopeptidase (35).
Observation of Bovine Elastin Degradation by Light

Microscopy—Fig. 2 revealed that pseudoalterin displayed high
hydrolytic activity toward bovine elastin. When incubated at
25 °C, 10mg of bovine elastin was visually degraded by 10 �g of
pseudoalterin within 4 h (Fig. 2A). After treatment for 1 h, the
elastin swelled, and numerous filaments were released, and
these filaments were further degraded into smaller segments
with further treatment time (Fig. 2B). These observations sug-
gested that pseudoalterin was likely capable of disrupting the
intermolecular cross-links in elastic fibers.
Analysis of the Cleavage Sites of Pseudoalterin on Bovine

Elastin—To further analyze the elastolytic mechanism of pseu-
doalterin, its cleavage sites on bovine elastin were analyzed
(supplemental Fig. S8). Twenty seven peptides released from
bovine elastin by pseudoalterin digestion were separated, and
theirmolecularmasses and sequenceswere identified. Based on
the sequences of these peptides, 32 cleavage sites on bovine
elastinwere determined (supplemental Table S3). Among these
cleavage sites, the P1 position is almost always occupied by Gly
(31 sites), and the P1� position is occupied by Gly, Ala, Leu, or
Val (supplemental Table S4). Furthermore, a cleavage site
Ala2 Lys in the hydrophilic domain involved in cross-linking
in elastinwas also detected,which has not been reported for any
other M23 protease.
To confirm the cleavage sites analyzed above, based on the

sequence of bovine tropoelastin in the database (SwissProt
accession number P04985-1), four peptides (GVGVAP,
IGGGAGG, GIGLGP, and PGAGARF) in the hydrophobic
regions and two typical peptides (AAAKAA and AAAAA-
KAAAK) in the hydrophilic regions were synthesized to assess
their efficacy as potential substrates for pseudoalterin. LC-MS
analysis revealed that all six synthetic peptides were digested by
pseudoalterin. The cleavage sites were at Gly2Val, Gly2Gly,
Gly2Leu, Gly2Ala, Ala2Ala, Ala2Lys, and Lys2Ala (Fig. 3
and supplemental Fig. S9). This result confirmed the cleavage

TABLE 1
Physicochemical characteristics of pseudoalterin from Pseudoaltero-
monas sp. CF6-2

Characteristics Results

Length of DNA sequence 1212 bp
No. of amino acid residues in mature protein sequence 173
No. of amino acid residues in signal sequence 22
No. of amino acid residues in prosequence 208
Molecular mass of mature enzyme (sequence) 19,372 Da
Isoelectric point (sequence) 5.86
Half-life at 30 °Ca 30.84 min
Half-life at 35 °Ca 14.13 min
Optimum pH with elastinorcein (30 °C)b 9.5
Optimum temperature with elastinorceinc 25 °C

a Pseudoalterin (0.1 mg/ml) was incubated at 25, 30, and 35 °C. Samples were
taken at intervals for the activity assay. The half-life was the time that it took to
eliminate 50% of the activity of pseudoalterin with elastinorcein at a given
temperature.

b The optimum pH was determined by measuring the activities of pseudoalterin
with elastinorcein (30 °C) in Na2HPO4/NaH2PO4 buffer at pH values ranging
from 6.5 to 8, barbital sodium/HCl buffer at pH values ranging from 7.5 to 9.6,
and NaHCO3/NaOH buffer ranging from 9.6 to 11.0.

c The optimum temperature was determined by measuring the activities of pseu-
doalterin with elastinorcein in 50 mM Tris buffer (pH 9.0) or in artificial sea wa-
ter at temperatures ranging from 0 to 45 °C.

TABLE 2
Effects of metal ions and inhibitors on the elastolytic activity of
pseudoalterin
PAPMSF is p-amidinophenylmethylsulfonyl fluoride.

Metal ion
(2 mM)

Relative
activitya

Metal ion
(2 mM)

Relative
activitya Inhibitors

Residual
activityb

% % %
Control 100 Ni2� 71.3 Control 100
Ca2� 287.3 Mn2� 64.5 PAPMSF 110.0
Sr2� 228.3 Cu2� 63.3 Leuhistin 92.9
Mg2� 104.3 Sn2� 63.2 EDTA 13.4
K� 95.9 Fe2� 49.1 1,10-Phenanthroline 0
Na� 94.4 Zn2� 2.8
Co2� 86.7
a Elastolytic activity of pseudoalterin was measured at 25 °C for elastinorcein. The
activity of pseudoalterin without any metal ion was used as a control (100%).
Activity was expressed as the activity of pseudoalterin with a metal ion relative
to the activity with the control. The data are the means of three experiments,
and the standard deviations were �5%.

b Pseudoalterin was incubated with each inhibitor at 25 °C for 20 min, and then
the enzyme activity was measured at 25 °C for elastinorcein. The activity of
pseudoalterin without any inhibitor was used as the control (100%). Activity was
expressed as the activity of pseudoalterin treated with an inhibitor relative to the
control activity. The data are the means of three experiments, and the standard
deviations were �5%.
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sites analyzed above and indicated that pseudoalterin can
cleave the peptide bonds Ala-Ala and Lys-Ala in the hydro-
philic regions in elastin.
DES is a cross-link that is characteristic of elastin (8). If pseu-

doalterin can break down the cross-links in elastin by cleaving
the peptide bonds Ala–Ala, Ala–Lys, and/or Lys–Ala in the
hydrophilic regions, then DES and/or peptic derivatives of DES
with one or more alanine residues, such as DES-Ala, DES-Ala-
Ala, DES-Ala-Ala-Ala, or DES-Ala-Ala-Ala-Ala, would be
released in the elastin hydrolysate. To test this hypothesis, elas-
tin hydrolysates were analyzed by LC-MS. Them/z of the DES
standard ([M � H]�) was 526.3 (Fig. 4A), which matched its
molecular formula. Because the long peptides in the elastin
hydrolysate were removed before LC-MS analysis, a subset of
compounds was detected in the mass spectrum of the elastin
hydrolysate. Among these peaks, two abundant ions were m/z
669.5 and m/z 740.5, representing the masses of DES-Ala-Ala
and DES-Ala-Ala-Ala, respectively (Fig. 4B), indicating that
DES-Ala-Ala and DES-Ala-Ala-Ala were released from bovine

elastin by pseudoalterin. There were no counterparts in the
negative control samples (data not shown).
On this basis, the cleavage sites of pseudoalterin on bovine

tropoelastin are shown in Fig. 5. These cleavage sites indicate
that pseudoalterin can cleave the peptide bonds both in the
hydrophilic regions and in the hydrophobic regions to effec-
tively degrade insoluble elastin.
SEM Observation of the Degradation of Cross-links between

Recombinant Tropoelastin Spherules by Pseudoalterin—To
model the degradation of elastin by pseudoalterin, human tro-
poelastin was expressed and purified and then chemically
cross-linked in vitro. After cross-linking, the tropoelastin
spherules were linked into clusters or filaments like beads on a
string under SEM (Fig. 6A).When the cross-linked tropoelastin
spherules were incubated with pseudoalterin for 10 min, phys-
ical contacts between the spherules dissipated or fractured (Fig.
6B). After 15 min of incubation, most clusters separated into
single spherules (Fig. 6C), and some spherules began to reveal
�15 nm substructures, i.e. the size of tropoelastin monomers

FIGURE 1. Alignment of the sequence of mature pseudoalterin with those of the other M23 proteases. Staphylolysin (P14789) from Pseudomonas
aeruginosa PAO1 belongs to M23A; �-lytic metalloprotease (P27458) from Aeromonas hydrophila belongs to M23A; lysostaphin (P10547) from Staphylococcus
simulans belongs to M23B; Enterolysin (Q9F8B0) from Enterococcus faecalis belongs to M23B; and zoocin A (Q3K3Z6) from Streptococcus zooepidemicus belongs
to M23B. Identical amino acids between pseudoalterin and other proteases are shaded in black. Similar amino acids are shaded in gray. Arrows denote the active
site residues.

TABLE 3
Substrate specificity of pseudoalterin on various substrates

Substrate
Activity (units/mg)a

Pseudoalterin Myroilysinb Pseudolysinb

Casein 0 8541 7061
Elastinorcein 527.9 243.3 91.1
Gelatin 12.0 4.5 5.0
Bovine-insoluble type I collagen fiber 4.9 3.8 0
Gamma globulinc 0 – –
Furylacryloyl-Gly-Leu-NH2

d 0 0 642
Furylacryloyl-Gly-Phe-NH2

d 0 0 3,364
Fibrinc No hydrolysis Hydrolyzes �, �, and � Hydrolyzes �, �, and �
Oxidized insulin B chain Gly-82Ser-9, Glu-132Ala-14,

Leu-152Tyr-16, Tyr-
162Leu-17, Leu-172Val-18,
Cys-192Gly-20, Glu-
212Arg-22, Gly-232Phe-
24, Phe-242Phe-25, Lys-
292Ala-30

Asp-32Gln-4, His-52Leu-6,
Leu-62Cys-7, Ser-92His-
10, His-102Leu-11, Tyr-
162Leu-17, Phe-252Tyr-
26, Tyr-262Thr-27, Thr-
272Pro-28, Lys-292Ala-
30

His-52Leu-6, His-102Leu-11,
Ala-142Leu-15, Tyr-
162Leu-17, Leu-172Val-18,
Gly-232Phe-24, Phe-
242Phe-25, Phe-252Tyr-
26, Lys-292Ala-30

a Unless otherwise indicated, the values are specific activities (in units/mg) at 25 °C. The data are the means of three experiments, and the standard deviations were �5%.
b The data on the substrate specificity of myroilysin and pseudolysin are cited from a previous study (13) and the MEROPS Database.
c Hydrolysis of gamma globulin and fibrin by pseudoalterin was performed at 25 °C, and the results were analyzed by SDS-PAGE (supplemental Fig. S6). – indicates not done.
d The proteolytic activities with furylacryloyl-Gly-Leu-NH2 and furylacryloyl-Gly-Phe-NH2 were measured with Feder’s method at 25 °C (42); the data are the values of
kcat/Km (in M�1 s�1).
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(Fig. 6D). These observations revealed that pseudoalterin was
capable of proteolytically attacking a synthetic elastin model
where no other substrate was present other than that which
contained target elastolytic sequences, regardless of the fact
that it was cross-linked.

SEM Observation of Bovine Elastin Degradation by Pseu-
doalterin—To further understand the degradation mechanism
of pseudoalterin on elastin, the process was observed by SEM.
Bovine elastin is composed of tightly arranged filaments with a
diameter of 1–2 �m under SEM (Fig. 7A). After the fibers were
incubated with pseudoalterin for 20 min, the filaments in the
fiber appeared to separate (Fig. 7B), which was consistent with
the light microscopic observations (Fig. 2B). After 40 min of
incubation, these filaments completely separated and curled
due to their increased flexibility. Meanwhile, droplets with the
same diameter as the filaments began to appear at filamentous
termini (Fig. 7C).More protein droplets formedwith increasing
incubation time (Fig. 7D). After 80min, almost all the fibers had
digested into nanometer- to micrometer-range spherules (Fig.
7E), which presumably then degraded into smaller peptides
that were undetectable by SEM. The smallest detected spher-
ules were �150 nm (Fig. 7F).
Based on SEM observations and the other results above, a

model for the degradation mechanism of pseudoalterin on
insoluble elastin is proposed (Fig. 8). Elastin is composed of
cross-linked filaments (Fig. 8A). When elastin is treated with

FIGURE 2. Hydrolysis of bovine elastin by pseudoalterin. Ten milligrams of bovine elastin in 0.5 ml of 50 mM Tris-HCl (pH 9.0) containing 10 �g of
pseudoalterin was incubated at 25 °C with continuous stirring. Bovine elastin in 50 mM Tris-HCl (pH 9.0) without pseudoalterin served as the negative
control. A, macroscopic observation of the hydrolysis of bovine elastin by pseudoalterin. B, light microscopic observation of hydrolysis of bovine elastin
by pseudoalterin after 1 and 2 h. Samples were photographed with an inverted microscope (Olympus IX71, Japan) at room temperature. Magnification
is �960.

FIGURE 3. Analysis of the cleavage sites of pseudoalterin on the syn-
thetic peptides. Each of these peptides (5 �g) was mixed with 5 �g of
pseudoalterin in 50 �l of 50 mM Tris-HCl (pH 9.0). After incubation at 25 °C
for 600 min for GVGVAP, IGGGAGG, GIGLGP, and PGAGARF and 110 min for
AAAKAA and AAAAAKAAAK, the reaction was terminated by the addition
of 1% trifluoroacetic acid. The molecular masses and sequences of pep-
tides were analyzed by LC-MS and the ExPASy FindPept Tool, as shown in
supplemental Fig. S9.
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pseudoalterin, the cross-links between these filaments are ini-
tially broken down and result in separating filaments and the
release of cross-links in the form of DES-Ala-Ala and DES-Ala-
Ala-Ala (Fig. 8B). These filaments appear as cross-linked drop-
lets and are further cut into single droplets due to the continu-
ing digestion of cross-links (Fig. 8C). The droplets formed by
cross-linked coacervated spherules are further digested, and
the coacervated spherules are released when the peptide bonds
connecting the cross-links between spherules are attacked (Fig.
8D). Subsequently, these spherules, which are a coacervate of
damaged elastin fragments, are digested into scattered mole-
cules (Fig. 8E), which are further hydrolyzed into small peptides
due to the attack by pseudoalterin on Gly-Xaa sites in the
hydrophobic regions (Fig. 8F).

DISCUSSION

Identification of the main microorganisms in deep sea sedi-
ment and the enzymes that they use for organic nitrogen
hydrolysis is necessary to gain an understanding of the degra-
dation and burial of particulate organic nitrogen in the seabed
(49). However, the bacterial species and the kinds of proteases

participating in particulate organic nitrogen hydrolysis process
remain largely unknown.Analysis of the genomes of 21 bacteria
isolated from deep-sea sediments and hydrothermal vents,
which are in GenBankTM database, indicates that most of these
bacteria could secrete one or several M23 family proteases
(supplemental Table S5). This finding suggests that the M23
family proteasesmay be popular in deep sea sediments andmay
therefore play an important role in sedimentary particulate
organic nitrogen degradation. However, the properties and
functionality of marine M23 proteases have not been reported.
In this study, the novelM23 protease pseudoalterin, secreted by
the deep-sea sedimentary bacterium Pseudoalteromonas sp.
CF6-2, was characterized, and its elastolytic mechanism was
studied in detail.
Sequence analysis showed that pseudoalterin has the highest

identity (39%) to theM23protease staphylolysin fromP. aerugi-
nosa PAO1. However, in contrast to staphylolysin that slowly
degrades insoluble elastin (18), pseudoalterin quickly degrades
insoluble elastin. It is worth noting that pseudoalterin’s activity
on elastinorcein is much higher than that of pseudolysin, an
elastase of familyM4 fromP. aeruginosa (48), and that ofmyroi-
lysin, an elastase of familyM12 from the deep-sea bacteriumM.
profundi D25 (13). This increased activity points to differ-
ence(s) in the elastolytic mechanism between pseudoalterin
and staphylolysin as well as other M23 proteases.
Light microscopic observations indicated that pseudoalterin

swells elastin and separates elastin into filaments, implying that

FIGURE 4. LC-MS analysis of peptic derivatives of DES in the elastin
hydrolysate released by pseudoalterin. A, mass spectrum of DES standard.
DES standard was prepared in 0.01 M HCl at a final concentration of 2 mg/ml,
treated with an equal volume of 4% sulfosalicylic acid, and loaded onto
LC-MS. B, mass spectrum of elastin hydrolysate. Twenty milligrams of bovine
elastin was degraded by 20 �g of pseudoalterin at 25 °C for 36 h followed by
addition of 500 �l of 4% sulfosalicylic acid to remove the long peptides. After
centrifugation, the sample was lyophilized and redissolved in 50 �l of 0.01 M

HCl and was then detected using the same method as described for the DES
standard.

FIGURE 5. Cleavage sites by pseudoalterin on bovine tropoelastin (Swis-
sProt accession number P04985-1). Cleavage sites were determined by
analysis of the sequences of peptides released by pseudoalterin from bovine
elastin as shown in supplemental Table S3, and the cleavage sites of pseudo-
alterin on six peptides were synthesized according to the sequence of bovine
tropoelastin as shown in Fig. 3. Hollow arrows indicate the cleavage sites that
have not been identified for other M23 proteases. Solid arrows indicate the
cleavage sites that have been reported for other M23 proteases. Gly-Leu
bond was reported to be cleaved by Lysobacter �-lytic protease (23). Gly-Gly
and Gly-Ala bonds were reported to be cleaved by both Achromobacter
�-lytic protease (15) and staphylolysin (29).
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this enzyme initially break downs cross-links between the fila-
ments. This elastolytic pattern is quite different from that of
myroilysin that cuts elastic fibers transversely at first (13). All
reported M23 proteases show specificity for glycyl bonds (23,
28–32) and therefore only have the capacity to cleave in the
hydrophobic regions in elastin. However, analysis of the cleav-
age sites of pseudoalterin on bovine elastin indicated that, in
addition to glycyl bonds, the peptide bond Ala–Lys, which is
found in elastin cross-linking domains, was also cleaved by
pseudoalterin. Further analysis with six peptides synthesized
according to the bovine tropoelastin sequence showed that

pseudoalterin also cleaves the peptide bonds Ala–Ala and Lys–
Ala, which are found in the hydrophilic elastin cross-linking
domains. These results indicated that pseudoalterin cleaves not
only glycyl bonds in the hydrophobic regions but also peptide
bonds in elastin cross-linking domain in the hydrophilic
regions during elastin degradation.
DES and IDE are the cross-linking molecules in the net-

work of elastin. Detection in elastin hydrolysate of their pep-
tic derivatives DES/IDE-A, DES/IDE-AA, DES/IDE-AAA,
and DES/IDE-AAAA can provide direct evidence for the
activity of pseudoalterin toward the peptide bonds on both

FIGURE 6. Degradation of recombinant tropoelastin cross-linking clusters by pseudoalterin. A, 10 mg/ml tropoelastin following incubation with 10 mM

BS3 in 10 mM PBS for 30 min. B–D, cross-linked product incubated with 0.1 mg/ml pseudoalterin for 10 min (B) and 15 min (C and D). Bars, 1 �m.

FIGURE 7. SEM observation of elastin degradation by pseudoalterin. Pseudoalterin was added to bovine elastin at a ratio of 1:500 in 50 mM Tris-HCl (pH 9.0)
at 25 °C with continuous stirring for 20 min (B), 40 min (C), 60 min (D), and 80 min (E and F). The same reaction system without pseudoalterin served as control
(A). After washing twice with deionized water, the insoluble material was lyophilized and mounted on stubs, spatter-coated with 5 nm platinum, and examined
with a Hitachi FE-S4800 at 5.0 kV. Bars, 1 �m.
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sides of lysine residue in the hydrophilic domains. Several
methodologies for monitoring DES/IDS have been devel-
oped in the last 2 decades, among which the LC-MSmethods
provide the best specificity and sensitivity (50). However,
methods to monitor their peptic derivatives are rare. We
aimed to detect DES or the peptic derivatives of DES in the
elastin hydrolysate released by pseudoalterin by using
LC-MS. Two molecular masses, 669.5 (m/z) and 740.5 (m/z),
were detected in the hydrolysate, which was in complete
accord with DES-Ala-Ala and DES-Ala-Ala-Ala. This find-
ing indicated that pseudoalterin cleaves peptide bonds in the
hydrophilic regions of elastin to release cross-links. More-
over, as a model system with defined components, degrada-
tion of pseudoalterin of the chemical cross-links between
recombinant tropoelastin spherules was directly observed
under SEM, and it provided strong evidence for the same
conclusion. Furthermore, SEM observation of the degrada-
tion process by pseudoalterin on bovine elastin showed that
pseudoalterin successively released filaments, droplets, and
spherules from elastic fibers by destroying the cross-links at
each structural level. Based on the results of biochemical
experiments and SEM observations, a detailed mechanism
for elastin degradation by pseudoalterin is proposed (Fig. 8).
In summary, in the novel elastolytic mechanism of pseu-

doalterin, a new M23 protease from deep sea bacterium
Pseudoalteromonas sp. CF6-2 was studied. In addition to the
cleavage of glycyl bonds in elastin as other M23 proteases,
pseudoalterin also cleaves the peptide bonds in elastin’s
hydrophilic regions that include cross-links, leading to an
ensuing rapid degradation of elastin. As the bacterial pro-
teases of M23 may be common in marine sediments, as ana-
lyzed above (supplemental Table S5), the high activity of
pseudoalterin toward elastin indicates the important role of
M23 proteases in the degradation of the marine sedimentary

elastin. Our results on the elastolytic mechanism of pseudo-
alterin are helpful for clarifying the degradation mechanism
of deep-sea sedimentary elastin.
It is worth reiterating that, as stated in the Introduction,

specific steps in the assembly of tropoelastin in vivo remain
unclear. The degradation of bovine elastin by pseudoalterin
supplies a new path to help investigate this system from the
opposite direction. The smallest observed spherules indicate
that �150 nm is the fundamental size in coacervation. Many
researchers recognize 100–200-nm fibrillar intermediates in
native and artificial elastin (51–54). At the late stage of cross-
linked tropoelastin degradations that were seen here, parti-
cles were released that were similar to the size of the tro-
poelastin monomer. By using pseudoalterin to dissect
components of the native elastic fiber, it could be speculated
that tropoelastin monomers interconvert with �150-nm
spherules by initial coacervation, then into 2–3-�m spheres
accompanied by progressive cross-linking (3), and associa-
tion with microfibrils where they are cross-linked into net-
worked elastic fibers.
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