A weean  Applied and Environmental
SOCIETY FOR . . ®
MICROBIOLOGY MICI’ObIO'Ogy

Four Inserts within the Catalytic Domain
Confer Extra Stability and Activity to
Hyperthermostable Pyrolysin from
Pyrococcus furiosus

Xiaowei Gao,? Jing Zeng,®* Huawei Yi,® Fang Zhang,® Bing Tang,>*

Xiao-Feng Tang?®

State Key Laboratory of Virology, College of Life Sciences, Wuhan University, Wuhan, China?; Hubei Provincial
Cooperative Innovation Center of Industrial Fermentation, Wuhan, China®

ABSTRACT Pyrolysin from the hyperthermophilic archaeon Pyrococcus furiosus is the
prototype of the pyrolysin family of the subtilisin-like serine protease superfamily
(subtilases). It contains four inserts (IS7147, 1529, 1S27, and 1S8) of unknown function in
the catalytic domain. We performed domain deletions and showed that three inserts
are either essential (IS747 and 1S27) or important (I1S8) for efficient maturation of py-
rolysin at high temperatures, whereas 1S29 is dispensable. The large insert IS747 con-
tains Ca3 and Ca4, two calcium-binding Dx[DN]xDG motifs that are conserved in
many pyrolysin-like proteases. Mutagenesis revealed that the Ca3 site contributes to
enzyme thermostability and the Ca4 site is necessary for pyrolysin to fold into a
maturation-competent conformation. Mature insert-deletion variants were character-
ized and showed that 1S29 and IS8 contribute to enzyme activity and stability, re-
spectively. In the presence of NaCl, pyrolysin undergoes autocleavage at two sites:
one within 1S29 and the other in 1S27. Disrupting the ion pairs in 1S27 and IS8 in-
duces autocleavage in the absence of salts. Interestingly, autocleavage products
combine noncovalently to form an active, nicked enzyme that is resistant to SDS
and urea denaturation. Additionally, a single mutation in 1S29 increases resistance to
salt-induced autocleavage and further increases enzyme thermostability. Our results
suggest that these extra structural elements play a crucial role in adapting pyrolysin
to hyperthermal environments.

IMPORTANCE Pyrolysin-like proteases belong to the subtilase superfamily and are
characterized by large inserts and long C-terminal extensions; however, the role of
the inserts in enzyme function is unclear. Our results demonstrate that four inserts in
the catalytic domain of hyperthermostable pyrolysin contribute to the folding, matura-
tion, stability, and activity of the enzyme at high temperatures. The modification of extra
structural elements in pyrolysin-like proteases is a promising strategy for modulating
global structure stability and enzymatic activity of this class of protease.

KEYWORDS hyperthermophilic archaeon, subtilisin, serine protease, insertion
sequence, Ca2*-binding, thermostability

yperthermophiles grow optimally at temperatures greater than or equal to 80°C

and are the primary sources of hyperthermostable enzymes (1, 2). The high
thermostability of these enzymes make them especially valuable when investigating
mechanisms that stabilize protein structure and function at the maximum temperature
capable of supporting life. Additionally, they could be used for biocatalysis applications
(3). Heterotrophic hyperthermophiles typically use proteins and peptides as their
carbon and energy sources; thus, proteases play important metabolic roles in these
microorganisms (1, 2). Isolated from geothermally heated marine sediment, Pyrococcus
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furiosus is a heterotrophic archaeon with an optimal growth temperature of 100°C (4).
This hyperthermophilic archaeon is highly proteolytic (5-7) and can grow on casein or
peptides as the sole carbon source (8). It has been hypothesized that extracellular
proteases act as the first step of protein utilization for the growth of P. furiosus (9).

Pyrolysin is an extracellular serine protease of P. furiosus and characterized as an
extremely stable enzyme with a half-life of 4 h at 100°C and maximum activity at 115°C
(6). This enzyme is one of the most thermostable proteases known and is prototypical
of the pyrolysin family of subtilases. Members of the pyrolysin family are characterized
by large inserts and long C-terminal extensions (CTEs) (10). The pyrolysin precursor
protein has 1,398 residues, including a 26-residue signal peptide, a 123-residue
N-terminal propeptide, a subtilisin-like catalytic domain, and an approximately 740-
residue CTE (9, 11). We previously found that the pyrolysin proform (Pls) was converted
to a mature form (mPIs) at high temperatures through autoprocessing of the N-terminal
propeptide and the C-terminal part of the long CTE (approximately 200 residues in
length). This autoprocessing suggests that the long CTE consists of a 200-residue
C-terminal propeptide and a 540-residue mature CTE (CTEm) that remains attached to
the catalytic domain in mPIs (12). Both the N- and C-terminal propeptides contribute to
the hyperthermostability of pyrolysin, and the CTEm contributes to enzyme stability
and activity (12).

The catalytic domain of pyrolysin can be divided into the core (those residues also
present in Bacillus subtilisins) and inserts (those residues not present in the core) (11).
More specifically, the pyrolysin catalytic domain has an unusually large 147-residue
insert between the catalytic residues Asp3° and His2'¢ (IS747; Val®2-Val2°8). In addition,
there are three other inserts that include more than six residues, named 1529 (Ser22°-
Asn257), 1S27 (Pro3¢8-Thr394), and IS8 (Asp*®4-Tyr4°"). Large inserts can be found in
catalytic domains of other hyperthermostable proteases, such as stetterlysin from
Thermococcus stetteri (11), STABLE protease from Staphylothermus marinus (13), and
pyrolysin-like proteases predicted in many sequenced genomes of hyperthermophilic
archaea. Eukaryotic tripeptidyl peptidase Il (TPP II) also has a 200-residue insert located
at a position equivalent to 1S747 in the catalytic domain; however, the TPP Il insert is not
homologous to pyrolysin IS747. The TPP Il insert is important for the oligomerization of
the active enzyme complex (14). In contrast, the roles of the unusually large inserts in
hyperthermostable pyrolysin and its homologs in enzyme function are still unknown.
We recently identified two high-affinity Ca2*-binding sites (Cal and Ca2) that are
important for enzyme stabilization, but supplementation of Na™, Ca2™, or Mg?+ salts at
concentrations similar to those observed in seawater destabilizes pyrolysin, probably
due to disturbance of electrostatic interactions on the enzyme surface by metal ions
(15). Notably, the frequency of negatively charged residues in the pyrolysin core is
doubled compared with that of Bacillus subtilisins. The inserts in pyrolysin contain an
even higher percentage of negatively charged residues, specifically Asp residues, than
those found in the core (11). However, the role of these negatively charged insert
residues in the electrostatic interactions necessary for pyrolysin stabilization remains
unclear. The purpose of this study was to investigate the functions of the four inserts
of pyrolysin using mutational analysis. The results demonstrated that the inserts play
important roles in pyrolysin maturation, stability, and activity. Furthermore, modifica-
tion of 1S29 increased pyrolysin thermostability.

RESULTS

The effects of the four inserts within the catalytic domain on pyrolysin matu-
ration. At high temperatures, Pls converts into mPIs through autoprocessing of both
the N- and C-terminal propeptides (12). To investigate the roles of IS747, 1529, 1527, and
IS8 in pyrolysin maturation, four insert-deletion variants of Pls, named PIsAIS747,
PIsAIS29, PIsAlS27, and PIsAIS8, were constructed (Fig. 1A). Crude proform samples were
incubated at 95°C to mature the enzyme. In contrast to Pls that matured efficiently,
PIsAIS747 and PIsAIS27 degraded rather than converting to the mature form (Fig. 1B),
suggesting that IS747 and 1S27 are required for efficient pyrolysin maturation. Similar to
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FIG 1 Maturation of pyrolysin and its variants. (A) A schematic representation of the primary structure of pyrolysin proform (Pls) and its
insert-deletion variants. The locations of the active-site residues (Asp3°, His2'6, and Ser44') and four inserts (IS747, 1529, 1S27, and 1S8) are
shown. The core of the catalytic domain is shown in black. The N-terminal propeptide (N), C-terminal extension (CTEm), C-terminal
propeptide (C), and putative prepeptidase C-terminal (PPC) domain are indicated. (B) SDS-PAGE analysis of the Pls and variant maturation.
Crude samples containing approximately 25 to 30 ug/ml of Pls and its variants in buffer A were incubated at 95°C for the time intervals
indicated and electrophoresed using SDS-PAGE. The positions of the proform (P) and the mature form (M) are indicated on the gels.

Pls, PIsAIS29 converted to the mature form efficiently (Fig. 1B), indicating that 1S29 is
dispensable for pyrolysin maturation. In the case of PISAIS8, the variant was able to
mature, but the yield of mature protein was much lower than that of Pls (Fig. 1B). Thus,
the deletion of IS8 does not prevent PIsAIS8 from folding into a maturation-competent
conformation but seems to affect enzyme stability and prevents efficient enzyme
maturation at high temperatures.

IS147 contains two calcium-binding Dx[DN]xDG motifs important for pyrolysin
folding and hyperthermostability. We previously identified two calcium-binding sites
(Cal and Ca2) in pyrolysin (15). Sequence analysis of 1S747 revealed two Dx[DN]xDG
motifs, Asp'32-Gly'37 (motif 1) and Asp'®'-Tyr'%¢ (motif 2) (Fig. 2). The Dx[DNIxDG motif
is known to bind calcium, and the side chains of the downstream residues (usually
acidic amino acids) can contribute to calcium coordination in the binding site (16, 17).
We observed that there are negative-charge-rich DQED and DFTDE sequences located
immediately downstream of the two Dx[DN]xDG motifs (Fig. 2). Interestingly, the Ca1
site also contains a DFTDE sequence involved in Ca?* binding (Fig. 2) (15). The
Dx[DNIxDG motifs and their downstream sequences are highly conserved in several
pyrolysin-like proteases (Fig. 2). We postulated that the two Dx[DNIxDG motifs and their
downstream negatively charged residues in pyrolysin are two additional calcium-
binding sites (named Ca3 and Ca4).

In the Ca3 site, the conserved Asp'32, Asn'34, and Asp'3¢ residues of Dx[DN]xDG
motif 1 were mutated to Ala to construct single-, double-, and triple-site variants. All
variant proforms successfully converted to their mature forms after heat treatment at
95°C (data not shown), implying that these proforms properly fold into the maturation-
competent conformation. The purified mature forms of the variants all exhibited
specific activity similar to that of wild-type (WT) mPIs (Fig. 3A). When incubated at 95°C,
the single-site variants (D132A, N134A, and D136A) were more heat resistant than
double-site variants (D132A/N134A, N134A/D136A, and D132A/D136A), and the
double-site variants were more resistant than the triple-site variant D132A/N134A/
D136A (Fig. 3B). These data suggest that Asp'32, Asn'34, and Asp'3¢ cumulatively
contribute to pyrolysin hyperthermostability. While variants D132A, N134A, D136A, and
D132N/D136N showed heat inactivation profiles similar to that of the WT at 95°C (Fig.
3B), they retained lower residual activities than that of the WT following incubation with
EGTA at 95°C (Fig. 3C). These data indicate that all three mutated residues are involved
in calcium binding at the Ca3 site, which is required to stabilize pyrolysin.
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FIG 2 Alignment of amino acid sequences of pyrolysin and its homologs around two potential Ca?*-binding sites (Ca3 and Ca4) within the
large insert 1S747. The target sequence of pyrolysin from Pyrococcus furiosus (Pfu) was aligned with that from Pyrococcus woesei (Pwo),
Thermococcus sp. strain PK (Tsp), Palaeococcus pacificus (Ppa), Thermincola potens (Tpo), Kineosphaera limosa (Kli), Streptomyces sp. strain
LaPpAH-108 (Ssp), Verrucosispora maris (Vma), Salinispora pacifica (Spa), Amycolatopsis rifamycinica (Ari), Kutzneria albida (Kal), Saccharomono-
spora glauca (Sgl), and Tepidanaerobacter acetatoxydans (Tac). GenBank accession numbers of the proteins are shown in parentheses. The
amino acid residues are numbered starting from the N terminus of the precursor or the mature enzyme (Pfu). The two Dx[DNIxDG
Ca2*-binding motifs are indicated. Arrowheads indicate residues that were mutated. A schematic representation of the primary structure of
mature Pls (mPIs) and the residues of Cal and Ca2 sites (indicated by filled circles) are also shown.

The four residues immediately downstream of Dx[DNI]xDG motif 1 (Asp'38, GIn'3°,
Glu'9, and Asp'4") (Fig. 2) were simultaneously mutated to Ala. The resulting variant
D138A/Q139A/E140A/D141A displayed heat resistance similar to that of the WT under
nonchelating conditions (Fig. 3B) but exhibited decreased residual activity compared to
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FIG 3 Mutating residues of the Ca3 site affects pyrolysin activity and stability. (A) SDS-PAGE analysis (lower) and activity assays
(upper) of purified samples of mature enzymes. Azocaseinolytic activities of the enzymes were carried out at 95°C in buffer A, and
relative activity was calculated by defining the activity of the WT as 100%. (B and C) Heat inactivation profiles. Enzymes (8.0 ng/ml)
in buffer A were incubated at 95°C in the absence (B) or presence (C) of 2 mM EGTA. At the time intervals indicated, samples were
removed and an azocaseinolytic activity assay (B and C) and SDS-PAGE (C) were performed. The residual activity is expressed as a
percentage of the original activity for each enzyme sample. The values are expressed as means *+ standard deviations (SD) from three
independent experiments.
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the WT following incubation with EGTA at 95°C (Fig. 3C). These results suggest that the
residues downstream of motif 1 also contribute to calcium binding at the Ca3 site.
Additionally, we noted that the Phe’3> residue in Dx[DN]xDG motif 1 is conserved in
pyrolysin-like proteases from (hyper)thermophiles, whereas the corresponding residue
is an Arg in enzymes from mesophiles (Fig. 2A). When the Phe'3> residue of pyrolysin
was mutated to Arg, the thermostability of the resulting variant, F135R, did not change
under nonchelating conditions compared to that of the WT (Fig. 3B). However, the
F135R variant showed a lower level of residual activity than the WT following incuba-
tion with EGTA at 95°C (Fig. 3C). This result implies that a positively charged Arg residue
in Dx[DNIxDG motif 1 affects calcium binding at the Ca3 site.

In the presence of EGTA, the protein quantity of very unstable variants (e.g.,
D132A/N134A, N134A/D136A, and D132A/N134A/D136A) did not decrease as much as
that of the WT following heat treatment at 95°C (Fig. 3C). The WT is likely more EGTA
resistant than very unstable variants, which made it more susceptible to autodegrada-
tion at 95°C. In contrast, the variants did not degrade significantly because the calcium
was chelated more easily from their Ca3 sites, leading to a rapid destabilization and
inactivation of these variants. This evidence emphasizes the importance of the Ca3 site
in maintaining pyrolysin structural stability at high temperatures.

In the Ca4 site, the conserved Asp'®!, Asp'¢3, and Asp'> residues of Dx[DN]xDG
motif 2, as well as the downstream residues Asp'¢7, Asp'7°, and Glu'”?, were mutated
to Ala. Crude proform samples were incubated at 95°C to undergo enzyme maturation;
however, none of the Ca4 site variants matured as efficiently as the WT (Fig. 4A),
indicating that the Ca4 site is important for pyrolysin maturation. During the incubation
period, the concentrations of the D161A, D161A/D165A, D161A/D163A/D165A, and
D167A/D170A/E171A variant proforms decreased gradually. However, minimal mature
enzyme was detected (Fig. 4A), and the samples showed no detectable proteolytic
activity (data not shown). These data suggest that the four variants are maturation
defective. Proteins are known to suffer from thermogenic hydrolysis at high tempera-
tures, and the susceptibility of a protein to thermogenic hydrolysis depends on the
conformational integrity of the protein at that temperature (18). It is possible that
the maturation-defective proforms are less resistant to thermogenic hydrolysis than the
WT, leading to degradation rather than maturation at 95°C. To test this hypothesis,
proforms of WT and D161A/D163A/D165A were constructed with an S441A active-site
mutation and purified (Fig. 4B). The D161A/D163A/D165A/S441A proform degraded
more than the S441A proform at 95°C (Fig. 4C), confirming that the replacement of
Asp'®T, Asp'©3, and Asp'®> with Ala affects structural stability of the proform and makes
it more susceptible to thermogenic hydrolysis. The D163A, D165A, D161A/D163A,
D163A/D165A, and D161N/D163N/D165N variant proforms were capable of matura-
tion, but the yields of mature enzymes were very low (Fig. 4A). Compared with the WT,
the purified mature forms of D163A and D161N/D163N/D165N (Fig. 4B) had similar heat
inactivation profiles at 95°C, either in the absence or presence of EGTA (Fig. 4D), and
exhibited similar (D161N/D163N/D165N) or slightly lower (D163A) activity levels (Fig.
4E). We showed previously that only correctly folded proforms of pyrolysin matured
efficiently and that the proform is less stable than the mature form with respect to
thermogenic hydrolysis resistance (12). Given this information, the low maturation
efficiencies of the Ca4 site variants (e.g., D163A and D161N/D163N/D165N) could be
due to slower folding and lower maturation rates compared to those of the WT. It is
likely that a small amount of the proform variants was converted to the stable mature
form, and most of the proform was degraded by thermogenic hydrolysis or proteolysis
by the mature enzyme. Taking these findings together, the Ca4 site plays an important
role in the folding of pyrolysin into a maturation-competent conformation at high
temperatures.

The calcium ion contents of pyrolysin and its Ca3 and Ca4 site variants were
determined. To prevent autocleavage of the enzymes during sample preparation, the
active-site variant S441A and its Ca3 and Ca4 site variants (D132A/N134A/D136A/S441A
and D161N/D163N/D165N/S441A) were purified (Fig. 4B) and used for inductively
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FIG 4 Properties of pyrolysin Ca4 site variants. (A) SDS-PAGE analysis of variant maturation. Crude
samples of the variants in buffer A were incubated at 95°C for the time intervals indicated and
electrophoresed using SDS-PAGE. The positions of the proform (P) and the mature form (M) are indicated
on the gels. (B) SDS-PAGE analysis of purified samples of the variants. (C) Thermogenic hydrolysis of
active-site variants. Purified samples of the variant proforms (8.0 ng/ml) in buffer A were incubated at
95°C for the time intervals indicated and electrophoresed using SDS-PAGE. (D) Heat inactivation profiles.
The enzymes (8.0 ug/ml) in buffer A were incubated at 95°C in the absence or presence of 2 mM EGTA
for the time intervals indicated, and activity was tested using the azocaseinolytic activity assay. The
residual activity is expressed as a percentage of the original activity of each enzyme sample. (E) Activity
assay of purified mature enzymes. Azocaseinolytic activities of the enzymes were determined at 95°C in
buffer A, and relative activity was calculated by defining the activity of the WT as 100%. (D and E) The
values are expressed as means + SD from three independent experiments.

coupled plasma mass spectrometry (ICP-MS) analysis. As shown in Table 1, S441A
bound at least four calcium ions, while D132A/N134A/D136A/S441A and D161N/
D163N/D165N/S441A contained approximately three and two calcium ions, respec-
tively. These data confirm that the Ca3 and Ca4 sites of pyrolysin are involved in
calcium binding. We noticed that D161N/D163N/D165N/S441A contained fewer cal-
cium ions than D132A/N134A/D136A/S441A (Table 1). One reasonable explanation for
this is that the disruption of the Ca4 site, which is critical for pyrolysin folding, may
prevent other binding sites from adopting a proper conformation to bind calcium ion.

TABLE 1 Calcium ion content of S441A and its Ca3 and Ca4 site variants, as determined
by ICP-MS@

Enzyme Amt of Ca2+/molecule (mol/mol)
S441A 438 +0.20
D132A/N134A/D136A/S441A 3.13£0.25
D161A/D163A/D165A/S441A 2.07 = 0.08

aCalcium ion concentration in the dialysis buffer was subtracted from the concentrations in the
corresponding protein samples prior to calculating the calcium ion content per enzyme molecule. Values
are expressed as means * SD from two independent experiments.
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FIG 5 Properties of mature PIsAIS29 and PIsAIS8. (A) Heat inactivation profiles. The enzymes (8.0 ug/ml)
were incubated at 95°C in buffer A for the time intervals indicated, and an azocaseinolytic activity assay
was performed. Residual activity is expressed as a percentage of the original activity of each enzyme
sample. The inset shows the SDS-PAGE analysis of purified mature PIsAIS29 and PIsAISS8. (B) Temperature
dependence of azocaseinolytic activity. Activity assays were performed in buffer A for 10 min at the
indicated temperatures using 0.5% azocasein as the substrate. The values are expressed as means * SD
(bars) from three independent experiments. (C) Digestion patterns of B-casein cleaved by the enzymes.
The reaction was carried out at 85°C in buffer A containing 0.1 mg/ml of B-casein and 0.5 nM enzyme
for different time periods, and then the samples were subjected to tricine-SDS-PAGE analysis.

1S29 and IS8 confer additional activity and stability to pyrolysin at high temper-
atures. Compared with the WT, mature PIsAIS29 showed no significant change in
stability at 95°C (Fig. 5A) but exhibited lower azocaseinolytic activity at temperatures of
80 to 120°C (Fig. 5B). This result indicates that insert 1S29 plays a role in improving
enzymatic activity rather than contributing to stability at high temperatures. Addition-
ally, mature PIsAIS29 had lower K, and k_,, values for the synthetic substrate suc-AAPK-
pNA than the WT at 90°C (Table 2). This result suggests that deletion of 1S29 increases
substrate affinity and decreases the turnover rate of the enzyme. Unlike mature

TABLE 2 Kinetic parameters of mature forms of WT pyrolysin and its variants?

Enzyme K., (mM) Ko (s77)
WT 227 £0.32 1,726 = 71
PIsAIS29 1.27 £ 0.15 617 =59
PIsAIS8 250+ 0.11 1,608 + 53

9The kinetic parameters were determined at 90°C using suc-AAPK-pNA as the substrate (described in
Materials and Methods). Values are expressed as means * SD from three independent experiments.
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FIG 6 Salt-induced formation of nicked pyrolysin. (A) SDS-PAGE analysis of mPIs salt-induced autocleavage. The purified sample (15.0 ug/ml) of mPIs in buffer
A was incubated at 95°C for 1 h in the absence (—) or presence (+) of 100 or 600 mM NaCl. The proteins were precipitated with TCA and electrophoresed using
tricine-SDS-PAGE. Samples incubated in 100 or 600 mM NaCl were loaded with a 4-fold increase in protein concentration compared with samples without NaCl.
The positions of mPIs (M) and the autocleavage products (I, II, lll, IV, and V) are indicated with closed arrowheads, and Md is indicated with an open arrowhead.
Bands of products | to V were assessed using N-terminal sequencing. (B) Effects of BSA on pyrolysin autocleavage. A purified sample (15.0 ug/ml) of mPlIs in
buffer A with (+) or without (—) 100 mM NaCl was incubated at 95°C in the absence (—) or presence (+) of BSA (150.0 ng/ml). At the time intervals indicated,
aliquots were withdrawn, precipitated with TCA, and analyzed using tricine-SDS-PAGE. The positions of mPls (M) and the autocleavage products | and Il are
indicated with closed arrowheads. (C) Urea-SDS-PAGE and gelatin overlay assays of nicked pyrolysin. Enzyme samples were electrophoresed using urea-SDS-
PAGE (s), and a gelatin overlay assay was performed at 90°C (g). (D) Stability and activity of nicked enzyme. The enzymes (8.0 ug/ml) were incubated at 95°C
in buffer A for the time intervals indicated and analyzed using an azocaseinolytic activity assay. Residual activity is expressed as a percentage of the original
activity of each enzyme. The inset shows the specific activities of the enzymes against azocasein (0.5%) at 95°C. (E) Schematic representation of the primary
structure of mPIs and the identified autocleavage sites. The amino acid sequences of inserts 1529, 1S27, and 1S8 are indicated in boldface. The first four or five
residues of products | to V, identified by N-terminal sequencing, are underlined. The locations of the two autocleavage sites a and b (Tyr>>'-Gly?52 and
Ala392-Tyr393 bonds) are indicated with vertical arrows. Double-headed arrows show the salt-induced autocleavage products of mPls. Residues predicted to be
involved in ionic interactions and subsequently mutated are indicated with filled circles.

PIsAIS29, the thermostability of mature PIsAIS8 dramatically decreased at 95°C (Fig. 5A),
indicating that IS8 plays an important role in stabilizing pyrolysin structure. Compared
with the WT, mature PIsAIS8 had reduced azocaseinolytic activity at temperatures
above 80°C and a concomitant downshift in optimum activity temperature (Fig. 5B).
The K,,, and k., values of PISAIS8 at 90°C were similar to those of the WT (Table 2),
implying that deletion of IS8 does not affect the catalytic behavior of pyrolysin. The
decreased activity of mature PIsAIS8 above 80°C is most likely due to destabilization of
the variant at high temperatures. The digestion pattern of B-casein cleaved by PIsAIS29
or PIsAIS8 was essentially the same as that by the WT (Fig. 5C), suggesting that 1S29 and
IS8 do not contribute significantly to the cleavage specificity of pyrolysin.
Salt-induced autocleavage within 1S29 and 1S27 produces nicked pyrolysin. We
showed previously that pyrolysin undergoes autocleavage when supplemented with
various salts (15). Here, the cleavage sites were identified by N-terminal sequencing.
Following 100 mM NaCl incubation at 95°C for 1 h, mPIs was cleaved into five products,
named |, II, lll, IV, and V (Fig. 6A). N-terminal sequencing of the five products revealed
that cleavage at the Tyr25'-Gly252 bond (site a) within 1S29 produced products | and IV,
and cleavage at the Ala3°2-Tyr3°3 bond (site b) within 1S27 produced products Il and Il
(Fig. 6E). Product V contained two polypeptides. The first five amino acid residues were
NVTDD and VTTDT and were located five and six residues downstream of site a,
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respectively (Fig. 6E). When the NaCl concentration was increased to 600 mM, the level
of product | decreased and the levels of the products Il and V increased (Fig. 6A). These
data suggest that the latter two products could be generated by cleavage of product
| at site b. The product Il level was much lower than those of the other four products
(Fig. 6A), implying that product lll can be converted to other products, such as IV and
V. Autocleavage of mPIs at both the a and b sites generates an intersite fragment that
undergoes an N-terminal truncation of five or six residues to yield product V. When
incubated with NaCl in the presence of bovine serum albumin (BSA) (Fig. 6B), mPIs
degradation was reduced compared with incubation without BSA, suggesting that the
addition of BSA decreases proteolysis of the enzyme via intermolecular interactions. In
addition, purified mPls contained a small amount of an 80-kDa contaminant named Md
(Fig. 6A). Md was previously identified as an mPls degradation product produced by
C-terminal truncation (15). Md exhibited proteolytic activity in the absence of trichlo-
roacetic acid (TCA) treatment and was degraded and inactivated in the presence of salt
(Fig. 6Q).

Interestingly, while TCA treatment followed by SDS-PAGE analysis showed five
cleaved products (Fig. 6A), the same samples without TCA treatment showed a single
band with an apparent molecular mass similar to that of the intact mPls subjected to
SDS-PAGE with 8 M urea (Fig. 6C). The single band exhibited proteolytic activity based
on a gelatin overlay assay performed at 90°C (Fig. 6C). These results show that the five
autocleavage products can form a stable, active nicked enzyme that is resistant to SDS
and urea denaturation. The nicked enzyme generated at 600 mM NaCl (Fig. 6A and C)
was dialyzed to remove the salt. The half-life of the nicked enzyme was shorter than
that of the intact mPIs at 95°C (Fig. 6D), suggesting that autocleavage at sites a and b
affects pyrolysin thermostability. Additionally, the nicked enzyme had reduced azoca-
seinolytic activity compared with intact mPIs (Fig. 6D). As mentioned above, 1529 is
important for the enzymatic activity of pyrolysin. The cleavage of the Tyr2>'-Gly252
bond (site a) in 1S29 could be related to the decreased activity of the nicked enzyme.

The insert-mediated electrostatic interactions contribute to pyrolysin’s resis-
tance to autocleavage. Once we determined that salt-induced autocleavage of mPls
occurs within 1S29 and 1S27, we hypothesized that the inserts contribute to structural
integrity through electrostatic interactions and that the addition of salts destabilizes
the enzyme by disturbing those electrostatic interactions. A previous homology mod-
eling study of the catalytic domain core of pyrolysin (11) predicted that the Arg3°7 and
Glu#82 residues form an ion pair. The Arg3°7 and Glu“®? residues are located near the
C and N termini of 1S27 and IS8, respectively (Fig. 6E). We further postulated that the
negatively charged Asp*®# residue residing in IS8 (Fig. 6E) could interact with Arg3°7.
Therefore, Arg3°7, Glu*8?, and Asp*8* were mutated to probe their roles in enzyme
stability.

Compared with the WT, mature forms of the variants R397A, R397E, D484A, and
D484N had higher levels of autocleavage during the incubation at 95°C in the absence
of additional NaCl. They were cleaved into products Il and Il (Fig. 7A), and the residual
activity decreased remarkably following heat treatment at 95°C for 12 h (Fig. 7B). This
indicates that Arg3°7 and Asp#®* play important roles in enzyme stability. SDS-PAGE
analysis revealed that product Il of variants R397A, R397E, D484A, and D484N contained
two bands with similar but not identical molecular weights (Fig. 7A). The slightly smaller
one corresponded to product Il generated from mPIs in the presence of NaCl (data not
shown). This result implies that mutation of Arg3°7 and Asp“#®4 leads to cleavage at both
site b (Ala3°2-Tyr3°3 bond) and a site located a few residues upstream of Ala3°2 (Fig. 6E).
Variants E482A and E482Q could also be converted into products Il and I, albeit to a
lesser extent (Fig. 7A). These variants had reduced residual activity compared with the
WT following heat treatment at 95°C for 12 h (Fig. 7B), suggesting that Glu*82 also
contributes to enzyme stability. Compared with the single-site variants E482Q and
D484N, the double-site variant E482Q/D484N had increased autocleavage (Fig. 7A) and
reduced heat resistance (Fig. 7B). These data indicate that Glu*®2 and Asp?#%* act
cumulatively to stabilize the enzyme. Taken together, these results demonstrate that
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FIG 7 Mutation of residues involved in ionic interactions affects pyrolysin stability. (A) SDS-PAGE analysis
of variant autocleavage. Purified samples (8.0 wg/ml) of mPIs (WT) and its variants in buffer A were
incubated at 95°C for the time intervals indicated and analyzed using SDS-PAGE. The positions of the
mature form (M) and autocleavage products (I, Il, I, and IV) are indicated. (B) Thermostabilities of the
variants. The purified samples (8.0 ng/ml) of the WT and its variants in buffer A were incubated at 95°C
for 12 h and analyzed using an azocaseinolytic activity assay. Residual activity is expressed as a
percentage of the original activity of each enzyme sample. The values are expressed as means = SD
(bars) from three independent experiments.

disruption of the putative ion pair(s) involving Arg3°7, Glu#82, and Asp*®4 makes site b
in 1S27 more sensitive to proteolysis, which destabilizes the enzyme. In addition, minor
products | and IV were detected during incubation of the aforementioned variants (Fig.
7A). The mutations of Arg3°7, Glu482, and Asp*8* appear to enhance the sensitivity of
site a to proteolysis, likely due to structural changes induced by disruption of the ion
pairs or the cleavage at site b.

Modification of 1S29 improves the thermostability of pyrolysin. In [S29, there is
a positively charged Arg?#° residue near autocleavage site a (Fig. 6E). To investigate
whether Arg24° is involved in electrostatic interactions important for enzyme stability,
we replaced it with a negatively charged Glu (variant R249E). The purified mature form
of R249E (Fig. 8A) was incubated at 95°C in the absence of supplemental NaCl, and
none of the autocleavage products were detected (data not shown). Moreover, R249E
was more thermostable than the WT (Fig. 8A). R249E also resisted autocleavage better
than the WT at 95°C, even in the presence of 100 mM NaCl (Fig. 8B). These results
suggest that Arg?4° does not form a favorable electrostatic interaction to stabilize the
enzyme. Instead, Arg?4° appears to form unfavorable electrostatic interactions that
destabilize pyrolysin.
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FIG 8 Mutation of Arg?*® in 1S29 affects pyrolysin stability. (A and C) Heat inactivation of enzymes.
Enzyme samples (8.0 ug/ml) in buffer A were incubated at 95°C (A) or 100 to 115°C (C) for the time
intervals indicated and analyzed using an azocaseinolytic activity assay. Residual activity is expressed as
a percentage of the original activity of each enzyme sample (control). The values are expressed as
means = SD (bars) from three independent experiments. The inset shows SDS-PAGE analysis of purified
mature proteins. (B) SDS-PAGE analysis of the salt-induced autocleavage of the enzymes. The enzymes
(8.0 pg/ml) in buffer A containing 100 mM NaCl were incubated at 95°C for the time intervals indicated
and electrophoresed using SDS-PAGE. The positions of the mature form (M) and autocleavage products
I 'and Il are indicated with closed arrowheads.

Our previous study showed that Asn substitutions at the Ca2 site residues Asp8'8
and Asp®2° in pyrolysin enhances the thermostability of the enzyme (15). When
incubated at 95°C, the variants R249E and D818N/D820N had a similar half-life of
approximately 18 h, which is longer than that of the WT (approximately 12 h) (Fig. 8A).
However, R249E was more resistant to salt-induced autocleavage than D818N/D820N
(Fig. 8B). When we combined the mutations to make the variant R249E/D818N/D820N,
we increased both half-life at 95°C (approximately 36 h) (Fig. 8A) and salt-induced
autocleavage resistance (Fig. 8B). Furthermore, R249E/D818N/D820N retained higher
activity levels after heat treatment at 100 to 115°C than the variant D818N/D820N
(Fig. 8C).

DISCUSSION

In this study, the deletion of IS747 impeded pyrolysin maturation, indicating that
this unusually large insert is indispensable for folding the enzyme into a maturation-
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competent conformation at high temperatures. IS747 contained two calcium-binding
sites (Ca3 and Ca4), each containing a Dx[DNIxDG motif and at least three downstream
negatively charged residues. The Ca4 site does not contribute to pyrolysin stability and
activity; however, it is crucial for proper folding and efficient maturation of the enzyme.
Other subtilases, such as Tk-subtilisin from Thermococcus kodakaraensis (19) and PfSUB1
from Plasmodium falciparum (20, 21), require a Dx[DN]xDG-containing insert to fold
properly. In Tk-subtilisin, a 20-residue insert containing a Dx[DN]xDG motif is located
between the catalytic His'>3 and Ser324 residues and is involved in calcium binding (22).
Calcium binding by this insert helps the protein fold into the central aBa-substructure,
which is crucial for bacterial subtilisin folding (19, 23). Although 1S747 differs in length
and catalytic domain location from the 20-residue insert of Tk-subtilisin, it may enhance
pyrolysin folding in a similar manner. Specifically, calcium binding to Dx[DN]xDG motif
2 (Ca4 site) allows IS747 to adopt the correct structure, facilitating the proper orienta-
tion of structure elements in the catalytic domain core. In addition, we found that the
Ca3 site contributes to pyrolysin hyperthermostability. Calcium binding to Dx[DN]xDG
motif 1 could improve the stability of the IS747 structure, which in turn contributes to
proper catalytic core folding at high temperatures.

The dual Dx[DNIxDG motifs in pyrolysin IS747 are conserved in many pyrolysin-like
proteases (Fig. 2). We found that replacement of Phe'3> with Arg in Dx[DNIxDG motif
1 affects calcium binding at the Ca3 site of pyrolysin, leading to decreased enzyme
stability under chelating conditions. Notably, the Phe residue is conserved in the
Dx[DNIxDG motif 1 of pyrolysin-like proteases from (hyper)thermophiles, whereas the
Arg residue is conserved in those from mesophiles (Fig. 2). In this context, increasing
the calcium affinity of Dx[DNIxDG motif 1 is an important adaptation for pyrolysin-like
proteases to function at high temperatures.

Eukaryotic TPP Il and STABLE protease from Staphylothermus marinus contain large,
approximately 200-residue inserts located between catalytic Asp and His residues
(named the DH insert); however, these inserts are not homologous to pyrolysin IS747.
The DH insert of human TPP Il is needed for oligomerization, which is critical for fully
activating TPP Il (14). A structured protrusion within the DH insert (named domain C)
is located at the dimer interface of human TPP Il and undergoes structural changes
upon enzyme complex assembly (24, 25). However, domain C is not present in pyrolysin
IS747 (25). While the DH inserts of human TPP Il and STABLE protease lack sequence
homology with 1S747, they contain a Dx[DN]xDG motif (13, 14) corresponding to
Dx[DNIxDG motif 2 in I1S747. Based on the finding that Dx[DN]xDG motif 2 is critical for
pyrolysin folding, we hypothesize that the Dx[DNIxDG motifs in the human TPP Il and
STABLE protease DH inserts contribute to proper enzyme folding.

IS29 is located in a surface loop adjacent to the C terminus of an a-helix that
contains the catalytic His2'® residue (11). Bacillus subtilisins (26), thermitase (27), and
Tk-subtilisin (22) lack an insert corresponding to 1S29 but have a surface loop containing
a conserved high-affinity calcium-binding site (site A) at the same position. Site A plays
an important role in subtilisin stabilization (28). In addition, a stabilizing substitution
(179A) located at the C terminus of the a-helix containing the catalytic His”" residue in
subtilisin-like WF146 protease enhances enzymatic activity, probably due to stabiliza-
tion of the His”'-containing a-helix, which orients the catalytic triad (Asp-His-Ser) into
a favorable conformation (29). Interestingly, PIsAIS29 showed a decreased activity and
had lower K, and k., values than the WT. Additionally, PIsAIS29 also has a lower
binding capacity for bacitracin-Sepharose 4B resin during purification than other
mature forms of pyrolysin (data not shown). These data reinforce the hypothesis that
deleting 1S29 causes a structural change in the substrate-binding site. Therefore, 1S29
may influence the orientation of the neighboring a-helix that contains the catalytic
His2'6 residue and enhance pyrolysin activity.

IS27 is also located in a surface loop (11) and is essential for pyrolysin maturation.
Compared with the catalytic domain core and the other three inserts studied here, IS27
contains a much higher percentage of hydrophobic residues (48%) as well as three Pro
residues that can restrict conformational freedom of the polypeptide backbone. The
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solvent-exposed 1S27 is theorized to adopt a compact and stable structure that con-
tributes to protein hyperthermostability and is required for proper pyrolysin folding
and maturation at high temperatures. The formation of a compact structure by 1S27
also may facilitate the proper orientation of structure elements in the catalytic domain
core in a manner similar to that of 1S747.

While IS8 is not essential for pyrolysin folding or maturation, it plays a crucial role in
stabilization. The stabilizing effect of 1S8 on pyrolysin is closely related to its involve-
ment in electrostatic interactions important for structural integrity of the enzyme. Our
previous study demonstrated that the CTE of pyrolysin confers additional enzyme
stability (12). Because IS8 is located near the C terminus of the catalytic domain and
resides within a surface loop (11), it could be involved in the interaction between the
catalytic domain and the CTE, conferring additional enzyme stability.

Pyrolysin undergoes salt-induced autocleavage, and two of the cleavage sites are
located within 1S29 and 1S27. Disruption of ion pairs involving residues within and
adjacent to 1S27 and IS8 also leads to autocleavage of the enzyme at the same sites.
These results clearly indicate that insert-mediated electrostatic interactions play impor-
tant roles in maintaining pyrolysin structural integrity. Autocleavage is a well-known
mechanism for irreversible inactivation of proteases, and the improvement of autopro-
teolytic stability is crucial for the application of proteases in biotechnology (28, 30). In
rare cases, autocleavage products of proteases (e.g., chymotrypsin and WF146 pro-
tease) remain covalently linked through a disulfide bond to form active nicked enzymes
(31, 32). Interestingly, pyrolysin autocleavage products form an enzymatically active
nicked version of the protein despite lacking a disulfide bond. Although the nicked
form is less stable and less active than intact pyrolysin, it has a half-life of approximately
6 h at 95°C and is stable enough to resist SDS and urea denaturation due to the
intrinsically strong interactions between its structural elements. Obviously, the forma-
tion of a substantially stable and active nicked form contributes to the resistance of
pyrolysin to irreversible inactivation due to autocleavage and thus prolongs its duration
of action at high temperatures.

In our previous study, modifying the Ca2 site in the PPC domain of the CTE to
eliminate unfavorable electrostatic repulsion (D818N/D820N) increased the thermosta-
bility of the enzyme (15). In this study, the R249E mutation within 1S29 improves
enzyme thermostability and resistance to salt-induced autocleavage. This is likely due
to removing unfavorable electrostatic interactions involving Arg24°. Moreover, when
variants R249E and D818N/D820N are combined, the enzyme thermostability is im-
proved further. The resulting variant R249E/D818N/D820N is both resistant to salt-
induced autocleavage and exhibits a remarkably long half-life of approximately 36 h at
95°C. Improving thermostability by eliminating unfavorable electrostatic interactions
has been reported previously for hyperthermostable CutA1 protein from Pyrococcus
horikoshii (33). In addition, introduction of an ion pair network has been shown to
improve the thermostability of glutamate dehydrogenases from Thermococcus litoralis
(34) and Thermococcus kodakarensis KOD1 (35). Based on these results, electrostatic
interaction optimization is an effective strategy to further stabilize hyperthermostable
enzymes artificially.

MATERIALS AND METHODS

Materials. Restriction enzymes and T4 DNA ligase were purchased from Fermentas (Burlington,
Canada), Dpnl was purchased from Thermo Scientific (Rockford, IL, USA), KOD-Plus-Neo DNA polymerase
was from Toyobo (Osaka, Japan), azocasein and B-casein were from Sigma (St. Louis, MO, USA), and
N-succinyl-Ala-Ala-Pro-Lys-p-nitroanilide (suc-AAPK-pNA) was from GL Biochem Ltd. (Shanghai, China).

Bacterial strains and growth conditions. Escherichia coli DH5« and BL21-CodonPlus (DE3)-RIL
strains were used for cloning and expression, respectively. Bacteria were grown at 37°C in Luria-Bertani
medium supplemented with kanamycin (30 wg/ml) and/or chloramphenicol (34 pg/ml) as needed.

Plasmid construction and mutagenesis. Expression plasmids used for the proforms of wild-type
pyrolysin (Pls) (pET26b-pls) and the active-site variant PIsS441A (pET26-plsS441A) were constructed
previously (12). Table S1 in the supplemental material lists the primer sequences used in this study. The
genes encoding the proforms of the insert-deletion variants PIsAIS747, PIsAlS29, and PlIsAIS27 were
constructed using the megaprimer PCR method (36). The primer pairs are listed in Table S2. Briefly, the
pET26b-pls template was combined with primer pls-F and specific mutagenic primers (plsAlS147-R,

March 2017 Volume 83 Issue 5 e03228-16

Applied and Environmental Microbiology

aem.asm.org 13


http://aem.asm.org

Gao et al.

plsAIS29-R, or plsAIS27-R) for the first round of PCR to amplify the 5" end of the coding sequence
(megaprimers). Subsequently, genes encoding insert-deletion variant proforms were amplified from
pPET26b-pls using the megaprimers and primer pls-R. PCR products were digested with BamHI and Xhol
and ligated into pET26b to generate the expression plasmids pET26b-plsAIS147, pET26b-plsAlS29, and
pPET26b-plsAlS27. The QuikChange site-directed mutagenesis (SDM) method (37) was used to construct
the PIsAIS8 variant and the point mutants. Mutagenesis primer pairs are listed in Table S2. pET26b-pls
underwent single or successive rounds of SDM to generate single and multiple mutation variants. The
sequences of all recombinant plasmids were confirmed using DNA sequencing.

Expression, activation, and purification. Recombinant pyrolysin proform and its variants were
produced in E. coli BL21-CodonPlus (DE3)-RIL as described previously (12). Cells were harvested, sus-
pended in buffer A (20 mM HEPES, 10 mM NaOH, pH 7.5) containing 0.5 M NaCl, and sonicated on ice.
After centrifugation at 13,000 X g for 10 min at 4°C, the insoluble fraction containing the recombinant
proforms were retained and solubilized in buffer A containing 6 M urea. Samples were incubated at 4°C
overnight and centrifuged at 13,000 X g for 10 min at 4°C. The resulting supernatants were dialyzed
against buffer A at 4°C overnight to remove the urea and used as crude proform samples. To produce
mature enzyme, the crude proform samples were incubated at 95°C for 2 h to activate the enzymes. The
proforms and the mature forms were purified using a Ni2*-charged chelating Sepharose Fast Flow
column (GE Healthcare, Uppsala, Sweden) and a bacitracin-Sepharose 4B column (GE Healthcare),
respectively, as described previously (15). The affinity purification procedure for the mature form of
PIsAIS29 was similar to that of other mature variants (i.e., using a bacitracin-Sepharose 4B column),
except 6 M urea was not included in the wash buffer. The enzyme solution was concentrated with a
Microcon YM-3 centrifugal filter (Millipore, Bedford, MA, USA) as needed. The protein concentrations of
the purified enzyme samples were measured using the Bradford method (38). The amount of target
protein in crude samples was estimated from band intensities on SDS-PAGE gel with bovine serum
albumin (BSA) as a standard.

SDS-PAGE and gelatin overlay assay. SDS-PAGE was performed using 12% polyacrylamide gel in
the absence or presence of 8 M urea (urea-SDS-PAGE) in a Tris-glycine buffer system (39). In some cases,
the Tris-tricine buffer (40) was used for tricine-SDS-PAGE analysis. Unless otherwise indicated, protein
samples for SDS-PAGE were precipitated using TCA at a final concentration of 20% (wt/vol). Following
incubation at room temperature for 15 min, precipitated proteins were recovered using centrifugation
(13,000 X g for 10 min) and resuspended in ice-cold acetone. The proteins then were centrifuged at
13,000 X g for 10 min and air dried. Finally, the proteins were solubilized in loading buffer containing
8 M urea and electrophoresed without heating the sample. For protease activity staining, enzyme
samples that had not been treated with TCA were mixed with loading buffer lacking 8 M urea and
electrophoresed using SDS-PAGE or urea-SDS-PAGE. The gel overlay assay was then performed accord-
ing to the method described by Blumentals et al. (5) with one revision: the proteolytic reaction was
carried out at 90°C for 2 h in buffer A.

Enzyme activity assay. Unless otherwise indicated, the azocaseinolytic activity of the enzyme was
assayed at 95°C for 30 min in 400 ul reaction mixture that contained 0.25% (wt/vol) azocasein and 200
wul of enzyme sample in buffer A (15). The reaction was terminated by the addition of 400 ul of 40%
(wt/vol) TCA. After incubation at room temperature for 15 min, the mixture was centrifuged at 13,000 X
g for 10 min, and the absorbance of the supernatant was measured at 335 nm in a 1-cm light-path cell.
One unit of activity was defined as the amount of enzyme required to increase the A, value by 0.01 per
min. For activity assays at temperatures above 100°C, the reaction was performed in screw-top tubes with
O rings to prevent evaporation and a glycerol bath was used.

Using suc-AAPK-pNA as the substrate, kinetic parameters of the enzymes were determined at 90°C
in buffer A. The activity was recorded by monitoring the initial velocity of suc-AAPK-pNA hydrolysis at 410
nm in a thermostated spectrophotometer (Cintra 10e; GBC, Australia). This velocity was calculated on the
basis of an extinction coefficient for p-nitroaniline of 8,480 M—' cm~' at 410 nm. One unit of enzyme
activity was defined as the amount of enzyme that produced 1 wmol pNA per min under the assay
conditions. Kinetic parameters were calculated from the initial velocity of hydrolysis with a substrate
concentration range of 0.1 to 15 mM (12). K,, and k_, values were obtained using the nonlinear
regression Table Curve 2D software (Jandel Scientific, version 5.0).

Calcium ion content determination. The buffers used in this experiment were prepared with
ultrapure Milli-Q water. Glassware and plasticware were cleaned exhaustively with 97% ethanol, washed
three times with double-distilled water, and then rinsed with Milli-Q water. The purified enzyme samples
(100 to 150 ng/ml) were dialyzed at 4°C against buffer A three times. One milliliter of each sample was
used for inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7500ce) analysis. The calcium
ion contents of dialysis buffers were also determined by ICP-MS and used as controls.

N-terminal amino acid sequencing. The proteins were separated by SDS-PAGE and electroblotted
onto a polyvinylidene difluoride membrane. After staining with Coomassie brilliant blue R250, the target
protein bands were excised and the N-terminal amino acids were sequenced using a PPSQ-33A protein
sequencer (Shimadzu, Kyoto, Japan).
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