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Pseudomonas aeruginosa secretes multiple proteases that are
implicated in its pathogenesis, and most of them are regulated
by quorum sensing (QS). In this study, we found that the activi-
ties of three major extracellular proteases, protease IV (PIV),
elastase A (LasA), and elastase B (LasB), are reduced consider-
ably when expressed in a QS mutant (MW1). PIV and LasA
expressed in MW 1 exhibited little activity, even when purified,
and their activities were inhibited by noncleavage or binding of
their propeptides. LasB was activated by a QS-dependent factor,
indicating that, unlike what has been proposed previously, LasB
is not autoactivated. When LasB was relieved from inhibition, it
activated PIV, which then sequentially processed pro-LasA to
mature LasA. When activated, LasB was not inhibited by exog-
enous addition of its propeptide, but LasA and PIV were inhib-
ited by their propeptides, even after prior activation. These dif-
ferences may be explained by the fact that LasB can degrade its
own propeptide but PIV and LasA cannot. We also found that,
although PIV is the preferred LasA-activating factor, LasB can
also partially activate LasA. Overall, LasB, PIV, and LasA were
activated postsecretionally in a cascading manner in which the
initial activation of LasB was controlled tightly by QS at the
protein level in addition to the well-known transcriptional con-
trol of these proteases by QS. Interestingly, human elastase also
activated LasA, indicating that the activation cascade is trig-
gered by host factors during infection. In summary, a QS-in-
duced proteolytic cascade activates secreted proteases from
P. aeruginosa.

Pseudomonas aeruginosa is a Gram-negative opportunistic
human pathogen that causes a variety of infections, such as
burn wound infections, keratitis, and pneumonia, and often
infects cystic fibrosis patients (1, 2). During these infections,
P. aeruginosa secretes many virulence factors, including pro-
teases, toxins, phenazines, and pyocyanin, that neutralize the
host immune defense and cause damage to organs (3-5). In
particular, three extracellular proteases of P. aeruginosa, elas-
tase B (LasB,? Pseudolysin), elastase A (LasA, Staphylolysin),
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and protease IV (PIV) are very important virulence factors that
degrade host tissues and immune components (6, 7).

Interestingly, PIV, LasB, and LasA have a common domain
organization without similarity in the amino acid sequence.
They have a signal peptide (SP) at the N terminus, a propeptide
(PP) domain in the middle, and a mature protease domain at the
C terminus (Fig. S1). These proteases are expressed initially in
their prepro-form with all three domains and processed twice
from the N terminus during secretion to generate their mature
forms (8). In P. aeruginosa, these proteases are known to be
secreted in two steps: Sec system—mediated translocation
across the inner membrane and transportation across the outer
membrane, probably through the terminal branch of the type II
secretion system (T2SS) (8, 9). Their SPs are first cleaved during
translocation over the cytoplasmic membrane by the Sec sys-
tem to generate their pro-forms, and their PPs are cleaved in the
periplasm to generate mature proteases (5). When this pro-
cessing is incomplete, these proteases have been proposed to be
inactive (5), but this has not been clearly demonstrated for all of
these three proteases.

Regarding LasB, the most studied one, it has been reported
that the inactive pro-form of LasB (pro-LasB) is initially
exported into the periplasmic space (Fig. S1A) and undergoes
PP-mediated folding to become activated (10). Because the PP
of LasB (LasB,,,) is required for proper folding and secretion of
LasB, LasB,,, has been proposed as an intramolecular chaper-
one (11). The current model regarding the processing and acti-
vation of LasB is that, after PP-mediated folding in the
periplasm, pro-LasB is cleaved by autoproteolysis and further
secreted to the extracellular space via the Xcp machinery,
which is a T2SS of P. aeruginosa (8 —10, 12). Interestingly, the
LasB,, released during processing has been proposed to bind to
and inhibit mature LasB (13). Although this model has greatly
expanded our understanding of LasB, our new findings in this
study show that this model needs to be somewhat modified.

LasA was discovered originally as a second protease with
elastolytic activity, but it was later characterized as a protease
with high staphylolytic activity, causing rapid lysis of Staphylo-
coccus aureus (14, 15). Similar to PIV and LasB, LasA is encoded
as a 45.5-kDa protease precursor by the lasA gene (Fig. S1B),
and mature LasA (20 kDa) is produced by two successive cleav-
ages from the N terminus during secretion (8). Although LasB
has been found to be secreted as a noncovalent complex with its
PP, LasA has been detected to be exported in its incompletely
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processed pro-form (pro-LasA), which has been suggested to be
processed by other proteases, such as LasB or a serine protease,
rather than by autoprocessing (8, 16). Similar to LasB, LasA has
also been suggested to be secreted extracellularly via the Xcp
system (8), but there is little experimental evidence of its mat-
uration and secretion.

Despite the importance of PIV in P. aeruginosa infections (2,
17, 18), the mechanism of secretion or activation of PIV has
received less attention. A recent study elucidated the extracel-
lular activation mechanism of PIV; PIV is inhibited by its own
PP (PIV,,,) and activated postsecretionally through degradation
of PIV, by LasB (19). This mechanism was revealed during the
process of identifying the cause of PIV inactivation in a quo-
rum-sensing (QS) mutant (19). LasB, LasA, and PIV are under
transcriptional control of QS in P. aeruginosa (17, 20). QS is a
bacterial cell-to-cell communication system that regulates a
large number of genes encoding these virulence factors in a cell
density—dependent manner (21). P. aeruginosa has multiple
QS systems, and acyl homoserine lactone (acyl-HSL)—based
QS systems, las and rhl, trigger the entire QS regulation. LasR,
QscR, and RhIR receive N-(3-oxododecanoyl)-L-HSL (30xo-
C12-HSL) and N-butanoyl-L-HSL (C4-HSL) as the signal mol-
ecules that activate their regulon genes (21, 22).

Regulation by QS is believed to occur at the transcription
level, but a previous study reported that artificial expression of
PIV under control of a non-QS promoter (arabinose-inducible
promoter) failed to complement the PIV-deficient phenotype
of the QS mutant. This suggests that, even when PIV is overex-
pressed to a sufficient level, the activity of PIV was barely
detected in the QS mutant (19). In addition, PIV overexpressed
in the QS mutant was processed normally, but released PIV
released has been found to bind to and inhibit PIV, indicating
that the cleaved PIV ,, is degraded rapidly in the WT, whereas it
is not degraded in the QS mutant (19). These results showed
not only how PIV was activated but also that the QS mutants
could be useful for studying the mechanism of protease activa-
tion because many proteases are not expressed in the QS
mutant, so the proteases that should be processed proteolyti-
cally are not or incompletely processed. Indeed, this study
found that, in the QS mutant, even when overexpressing LasB
and LasA artificially, the activities of LasB and LasA do not
appear. Therefore, this study attempted to identify how LasB,
LasA, and PIV interact with each other for their activation using
this QS mutant system.

Results
LasA expressed in the QS mutant is fully secreted but inactive

The mechanism of LasA activation was examined first. LasA
activity is usually measured using staphylolytic activity (14, 23),
but there have been controversial results regarding a second
staphylolytic enzyme in P. aeruginosa (23, 24). To confirm that
LasA is the only enzyme with significant staphylolytic activity in
the WT strain (PAO1) used in this study, a lasA mutant (AlasA)
was constructed, and staphylolytic activity was measured (Fig.
S2 and Table S1). Staphylolytic activity was fully abolished in
the culture supernatants of the lasA mutant (CS,,,,,), showing
that LasA is the only factor for staphylolytic activity in PAO1
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Figure 1. LasA activity in the culture supernatants of QS and AlasA
mutants. The CSs were prepared from PAO1 (CSy7), MW1 (CSyw1), OF AlasA
(CSajasa) @nd their isotype strains harboring a LasA-overexpressing plasmid
(pSP101 in Table S1; CSywi-Lasa @A CSysa-rasa)- FOr fair comparison, the
strains that did not harbor pSP101 were transformed by an empty plasmid
(pJN105) as a vector control. LasA activity was measured in culture superna-
tants containing the same amount of proteins (2 ug). ***, p < 0.005.

(Fig. 1 and Fig. S2). The LasA activity in the QS mutant (MW 1;
lasl ™, rhll ) was also measured, and there was little LasA activ-
ity in the culture supernatants of MW1 (CS, 1), to a similar
extent as that observed in culture supernatants of the lasA
mutant (Fig. 1). This result might be explained by the current
model because /asA expression is regulated tightly by QS at the
transcription level (20). However, when LasA was overex-
pressed artificially in MW 1 using pSP101, which has a QS-in-
dependent and arabinose-inducible promoter (Table S1), the
LasA activity in the culture supernatants of the LasA-overex-
pressing MW1 (CSyiwi-1..s4) Was still very low (Fig. 1). In the
lasA mutant, however, LasA activity was restored completely
by complementation with pSP101 (CS,;,c4 1..s4) t0 WT levels
(Fig. 1), confirming that pSP101 is working properly. This sug-
gests that, like PIV, LasA also requires the QS system for acti-
vation, even after transcription.

Previous studies have suggested that LasB and PIV play key
roles in extracellular processing of pro-LasA in P. aeruginosa (8,
16), and it was confirmed that pro-PIV is activated by LasB-
mediated PP degradation (19). This study examined whether
LasB or PIV could restore the activity of overexpressed LasA in
CSpiwi-rasa- When purified LasB and PIV were added to
CSywi-Lasar LasA activity was fully restored by both LasB and
PIV in a dose-dependent manner (Fig. 2, A and B). This shows
that LasA activity does not appear in the QS mutant despite
sufficient expression of LasA. Therefore, LasA is inactive with-
out the QS system, even though it is transcribed independently
of QS, and both LasB and PIV can activate this inactivated LasA.

Both LasA and LasB have been suggested to be secreted in a
two-step manner and transported through T2SS in the second
step (10). Because the expression of xcpP, the key component of
the T2SS of P. aeruginosa, is QS-regulated (25), we examined
whether LasA was secreted from the QS mutant. The results
showed that LasB mostly restored the activity of LasA overex-
pressed in MW1 in the extracellular fraction, not in the
periplasmic fraction, suggesting that overexpressed LasA was
normally secreted from the QS mutant (Fig. 2C).
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Figure 2. Restoration of the LasA activity in CSy,y;..sa by LasBand PIV. A
and B, the culture supernatants of CSy1.asa (2 £g) Were incubated with
various amounts of purified LasB (A) or PIV (B) for 30 min, and LasA activity was
measured. As a control, PAO1 and MW1 were transformed with pJN105, and
their culture supernatants (CS,,r and CSy,,,,) were prepared to be measured
for LasA activity. C, LasA activity was measured in the periplasmic and extra-
cellular fractions of PAOT (WT), MW1, and LasA-overexpressing MW1 (MW1-
LasA). Each fraction containing 1 ug of protein was used for the LasA activity
assay. To restore the activity of LasA, the fraction of LasA-overexpressing
MW1 was mixed with 0.6 pmol of purified LasB. **, p < 0.01; ***, p < 0.005.

WT MW1

LasA is secreted in its pro-form and activated primarily by PIV

Previous studies have shown that LasA is initially secreted in
the form of pro-LasA (8). In contrast, PIV is secreted in the
processed state, but in the QS mutant, the cleaved PIV , is not
degraded and inhibits PIV by specific binding (19). To deter-
mine the precise processing status of LasA in the QS mutant,
LasA was purified from PAO-T7 and PAO-T7-MW 1 harboring
a His-tagged, LasA-overexpressing plasmid (pQF21lc-LasA,
Table S1), called P-LasA and M-LasA, respectively (Fig. 3, A and
B). In the case of PIV, the PIV from PAO-T7-MW1 (M-PIV)
was copurified with cleaved PIV , in a noncovalently bound
complex (19). Unlike PIV, most of the M-LasA was in its pro-
LasA form (Fig. 3, A and B), suggesting that processing of LasA
did not occur in the QS mutant. Therefore, purified M-LasA
showed significantly lower activity than P-LasA (Fig. S3),
explaining the result shown in Fig. 1.
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Figure 3. Processing of pro-LasA by LasB and PIV. A and B, LasA was puri-
fied from CSyriasa (P-LasA) and CSywiasa (M-LasA), respectively, and
M-LasA (1 ng) was mixed with 3 pmol of LasB (A) or PIV (B) in a 20-ul reaction
volume. After incubation for the indicated time, the reaction mixture was
applied to 15% SDS-PAGE. As a control, the same amounts of P-LasA, M-LasA,
and M-LasA that were incubated for 20 min without LasB or PIV were loaded.
The arrowheads indicate the bands for pro-LasA, the intermediate form,
LasApp, and mature LasA. C, the processing rates of M-LasA by LasB and PIV
were compared by quantifying the band intensities of LasA and LasA,,,..

Our results showed that both LasB and PIV could activate
LasA, and an attempt was made to determine which of them
was the primary factor to activate LasA. Because the staphyloly-
sis method requires long incubation time with S. aureus cells
(~1.5 h), it was inappropriate to accurately compare the effi-
ciency of LasA activation. Instead, purified pro-LasA (M-LasA)
was mixed with LasB or PIV, and processing of M-LasA was
monitored directly by SDS-PAGE. The results showed that PIV
converted M-LasA to P-LasA (mature LasA) more quickly by
cutting off and degrading LasA ,, than LasB (Fig. 3, A and B).
During this conversion, both LasB and PIV generated the inter-
mediate form of LasA, which has been observed by other groups
(8). With PIV, the intermediate form and PP of LasA disap-
peared rapidly, within 3 min, quickly generating mature LasA,
whereas they persisted after 10 min, and the mature LasA was
generated slowly with LasB (Fig. 3C). Overall, inactivation of
LasA in the QS mutant is due to incomplete processing, and
PIV is a primary LasA-activating factor that preferentially pro-
cesses LasA.

J. Biol. Chem. (2019) 294(51) 19635-19644 19637
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Figure 4. Activity of LasB, PIV, and LasA in WT and protease mutants. A-C,
culture supernatants of the WT and each protease mutant were prepared,
and the activities of LasA (A), PIV (B), and LasB (C) were measured. ***, p <
0.005.

Three proteases are activated sequentially in the order LasB,
PIV, and LasA

A previous study showed that LasB activates PIV by degrad-
ing PIV , (19), and this study also showed that activated PIV, in
turn, activates LasA by processing pro-LasA. To confirm these
results iz vivo, a lasB mutant (AlasB) was constructed (Table S1
and Fig. S4), and the activities of LasB, PIV, and LasA in the lasB
mutant were measured. The mutation on lasB could fully abol-
ish the activities of both LasA and PIV, confirming that LasB
activates both LasA and PIV (Fig. 4, A and B). In particular,
more than 60% of total LasA activity was abolished in Apiv (Fig.
4A), suggesting that PIV is more important in LasA activation
and that LasB alone cannot sufficiently activate LasA. However,
this result shows that LasB also contributes to LasA activation
to some extent. This result is consistent with the in vitro results
showing that PIV converted the pro-LasA preferentially to
mature LasA (Fig. 3). The mutation on lasA did not affect PIV
activity (Fig. 4B), and the mutation on piv did not affect LasB
activity (Fig. 4C), suggesting that LasA is not involved in PIV
activation and PIV is not involved in LasB activation. This

19638 . Biol. Chem. (2019) 294(51) 19635-19644

means that three proteases are activated sequentially in the
order LasB, PIV, and LasA. In addition, LasB triggers this cas-
cade activation of PIV and LasA.

Remarkably, LasB activity was reduced partly by a lasA muta-
tion (Fig. 4C), indicating that LasA may contribute to LasB
activity to some extent. This result is probably related to the
previous finding that LasA can increase the activity of some
elastases (26). That study suggested that LasA interacts with the
elastin substrate rather than modifying elastase because LasA
enhances the elastolytic activity of several elastases, including
LasB, thermolysin, proteinase K, and human neutrophil elas-
tase (NE) in vitro, and does not enhance the proteolytic activity
of LasB (26).

LasB is also inactive when expressed in the QS mutant: LasB
cannot autoactivate alone and requires a QS-dependent
factor for activation

This study examined how LasB is activated initially. LasB is
believed to be activated by itself (8, 27, 28). If it is true, then
artificial expression of LasB by an arabinose-inducible pro-
moter should complement LasB activity in the QS mutant.
However, although artificial expression of LasB complemented
the lasB mutant well, it failed to complement the QS mutant,
and LasB overexpressed in MW 1 showed very low activity (Fig.
5A). Interestingly, when the culture supernatants of the QS
mutant overexpressing LasB (CS, 1w 1..5) Were mixed with the
culture supernatants of the lasB mutant (CS,,,,), it dramati-
cally restored LasB activity (Fig. 5B), suggesting that LasB activ-
ity does not appear in the QS mutant despite sufficient expres-
sion. Because PIV or LasA was unable to activate LasB (Fig. 5B),
this clearly shows that LasB is activated extracellularly by other
QS-dependent factor(s), not by its own activity.

As mentioned above, LasB has been suggested to be secreted
via T2SS (10), and QS induces xcp in P. aeruginosa (25). We
therefore examined whether LasB is fully secreted from the QS
mutant. The results showed that the activity of LasB overex-
pressed in MW 1 was restored in the extracellular fraction by
CS, . Dot in the periplasmic fraction (Fig. 5C), suggesting
that overexpressed LasB had been fully secreted, similar to
LasA.

LasA can be inhibited by exogenous addition of its propeptide
but LasB cannot

A previous study showed that mature PIV can be inhibited by
exogenous addition of PIV  (19). Similarly, LasA,, (amino
acids 1-236 of LasA) and LasB,,, (amino acids 1-197 of LasB)
was overexpressed in Escherichia coli and purified (Fig. S1).
When mature LasA (P-LasA) was incubated with purified
LasA ,, activity was inhibited significantly in a dose-dependent
manner (Fig. 64), suggesting that, similar to PIV, LasA can be
inhibited by its PP, even when already activated. In contrast,
LasB was inhibited partially by exogenous LasB,, (Fig. 64),
indicating that, when activated, LasB is no longer subject to
inhibition by its PP. To determine why, LasA ,, was mixed with
mature LasB, PIV, or LasA (P-LasA), and the state of the PPs
was checked. Although LasA ,, was well-degraded by both LasB
and PIV, it was not degraded by LasA (Fig. 6B), similar to PIV,,,
which was not degraded by PIV (19). In contrast, when LasB ,,
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Figure 5. LasB activity in the QS mutant and restoration of the LasB activ-
ity by CS,,qs5- A LasB activity in culture supernatants (2 ug) prepared from
PAO1 (CSyy7), MW1 (CSpyw1), or AlasB (CS 465) and their isotype strains harbor-
ing the LasB-overexpressing plasmid (pSP201, CSpywr-tass @Nd CSajass-Lass)
were measured. The strains that did not harbor pSP201 were transformed by
pJN105 as a vector control. B, CSyy1-1ass Was mixed with various amounts of
CSasass (containing 0.3, 0.5, and 1 ug total proteins, respectively) or 100 ng of
purified PIV or LasA and incubated for 30 min, and LasB activity was mea-
sured. As a control, the same amount of PIV, LasA, or CS, .5 containing 1 ug
of total proteins were incubated for 30 min without CSy,y1_iassr @and LasB
activity was measured. C, LasB activity was measured in the periplasmic and
extracellular fractions of PAO1 (WT), MW 1, and MW 1-LasB. Each fraction con-
taining 1 g of protein was used for the LasB activity assay. To restore the
activity of LasB, the fraction of LasB-overexpressing MW1 was mixed with
CSasass cOntaining 1 ug of total proteins. **, p < 0.01; ***, p < 0.005.

was mixed with mature proteases, LasB,, was degraded by LasB
(Fig. 6C). PIV also degraded LasB , ,, but LasA could not degrade
LasB, (Fig. 6B). These results explain why LasB,, was unable
to inhibit mature LasB. When LasB is activated, it can degrade
its PP, making it resistant to its PP. On the other hand, LasA
cannot degrade its PP and is still subject to inhibition by its own
PP. Finally, inhibition of mature LasA by LasA , , was relieved by
addition of LasB and PIV (Fig. 6D). These results consistently
demonstrate that LasA , acts as an inhibitor for mature LasA,
but LasB,,, only acts as an inhibitor until LasB is activated and
does not act for the already activated LasB. Both LasB and PIV
relieve inhibition of LasA by its PP, whereas inhibition of LasB is
relieved by other QS-dependent factor(s).

Human NE can activate LasA

NE has elastolytic activity similar to LasB but a different
amino acid sequence. In humans and mice, as an important

SASBMB

antibacterial protease, NE is involved in inflammation and
innate immunity during an infection. This study investigated
whether human NE can activate LasA or PIV like LasB. When
human NE was added to M-LasA, activity was fully restored to
that when LasB or PIV was added (Fig. 7A). This result is
intriguing because the nascent prepro-LasA in the cytoplasm
can be activated by human NE when it somehow comes out
during an infection, and the virulence of P. aeruginosa can be
exerted even after bacterial cells are lysed by antimicrobial pep-
tides or host immunity. Unlike LasA, M-PIV, which is a PP-
bound PIV purified from MW1 (19), was not activated by
human NE (Fig. 7B). This indicates different substrate specific-
ity of human NE and P. aeruginosa LasB.

Discussion

Extracellular proteases, including LasB, PIV, and LasA, are
believed to play key roles in P. aeruginosa infection (5). Coor-
dinated expression of these proteases is very important for suc-
cessful infection with P. aeruginosa, and QS is considered a
mechanism to enable this. Because QS is a transcriptional reg-
ulatory system, this might be achieved by transcriptional regu-
lation of the genes encoding these proteases. Indeed, all three
protease genes are under transcriptional control of QS in
P. aeruginosa (20), which must be an important regulation.
Nevertheless, this study showed that this is not the case in con-
trolling these protease activities, and QS is critically involved in
the activation mechanism at the protein level. A previous study
of PIV activation showed that PIV expressed in a QS mutant is
inactive, even when purified, because of the lack of degradation
of its PP in the QS mutant (19). In this study, a similar phenom-
enon was also observed with LasA; extracellular processing of
LasA does not occur in the QS mutant. In both cases, artificial
overexpression using the QS-independent promoter failed to
elevate the activity of the proteases. This clearly shows that the
QS system does not regulate the activity of these proteases
through transcriptional regulation only and still controls their
activity even after these proteases are secreted from the cell.
This is a postsecretional activation mechanism by QS. Fig. 8
summarizes the regulatory mechanism revealed by this study.
The PPs of these proteases act as a “safety pin” to prevent pre-
mature activation of these proteases and protects the bacterial
cells from undesired degradation of the periplasmic proteins.
LasB is involved in extracellular activation of PIV and LasA by
cleaving and degrading their PPs, and PIV activates LasA in a
similar manner, giving priority over LasB (Fig. 8).

In this study, some previous perceptions were revised. The
first is regarding the factor that activates LasA, and the second
is about the activation mechanism of LasB. Although it has been
suggested that pro-LasA is processed into active LasA by LasB
and lysyl endopeptidase (8), another study has shown that LasB
was unable to cleave pro-LasA (29). This study clearly showed
that purified LasB could cleave and activate pro-LasA (Figs. 24
and 3A). Furthermore, direct evidence showing that both LasB
and PIV are involved in extracellular processing of pro-LasA to
activate LasA by removing LasA,, was provided. In addition,
PIV plays a primary role in degradation of LasA . LasB is fully
responsible for PIV activation but is only partially responsible
for LasA activation. If LasB can activate LasA alone, then LasA
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should be activated normally in the piv mutant, but the results
showed that this was not the case (Fig. 44), indicating that PIV
is critically involved in LasA activation; that is, it is not the
simultaneous activation of all by LasB but sequential activation
from LasB to PIV to LasA.

The autoactivation model through self-cleavage of LasB was
revisited in this study. When sequential activation of LasB, PIV,
and LasA was confirmed, LasA and PIV were first thought to be
inactivated in the QS mutant because transcription of LasB was
not induced without QS. However, we found that LasB is also
inactive in the QS mutant, even when overexpressed to a suffi-
cient level, and should be activated at the protein level. Our
results showed that exogenous addition of culture supernatants
from the QS-positive but lasB-deficient strain restored LasB
activity in the QS mutant (Fig. 5B), which clearly shows that
some QS-dependent factors are required for LasB activation.
Apparently, regardless of whether its own activity is critical,
LasB cannot activate itself alone and is still subject to tight reg-
ulation by QS. Therefore, LasB is not the first initiator in this
activation cascade.
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The evidence of the autoprocessing of LasB is that, when lasB
was expressed in E. coli, processing was independent of any
other P. aeruginosa gene product(s) because cleavage of PP
occurred (27). This experiment cannot perfectly exclude
involvement of the E. coli factor that can act as a functional
counterpart of the P. aeruginosa factor. Further evidence is that
inactive mutant LasB was not processed (28), but this result is
unclear because the same result can be obtained even when the
LasB activity is inhibited by other factors. A previous study
suggested that LasB is secreted as a noncovalent complex with
its PP and that the PP is then degraded extracellularly, most
probably by elastase itself (8). Our results also showed that LasB
itself can degrade LasB,, extracellularly, but this degradation
can occur after LasB is activated, before LasB is inhibited. This
inhibition might be relieved by factors other than LasB.
Although it is unclear what the factor is, it is believed to be a
QS-dependent protein because the heat-inactivated culture
supernatants of the QS-positive but lasB-deficient strain were
unable to activate LasB in the same experiment as shown Fig. 58
(data not shown).
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the three proteases in P. aeruginosa. In the cytoplasm, the prepro-forms of
the proteases are expressed under transcriptional control of QS, and their SPs
are removed during translocation over the cytoplasmic membrane. In the
extracellular space, the pro-form of LasB is first processed to its mature active
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PIV by degrading PIV,,. In the case of PIV, cleavage of PP occurs, even in the
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and active forms. LasB also plays an auxiliary role in activation of LasA.

Interestingly, human NE can activate LasA (Fig. 7A). Because
LasA has been reported to enhance the elastolytic activity of
several proteases, including LasB and human NE, by interacting
with the elastin substrate (26), LasA activity can mutually rise
with human NE during P. aeruginosa infection. So far, NE has
been known to play a role in preventing infection by degrading
the outer membrane proteins of Gram-negative bacteria (30),
but our results suggest a harmful role of NE that may assist
P. aeruginosa with invasion.
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From the results of this study, three new conclusions are
proposed. First, LasB is not activated by itself. Instead, it
requires a QS-dependent factor for activation. Second, PIV is
activated by LasB, which, in turn, activates LasA. Both LasB and
PIV can activate LasA, but PIV is a primary activator for LasA.
Third, among these three proteases, the activities of LasA and
PIV can be inhibited by adding their PPs exogenously, but exog-
enous LasB,,, does not inhibit LasB. This is because when acti-
vated, LasB can degrade its own PP (but LasB is not autoacti-
vated), so it is no longer subject to LasB,,,.

Experimental procedures
Bacterial strains and culture conditions

Bacterial strains and plasmids used in this study are listed in
Table S1. The P. aeruginosa and E. coli strains were generally
cultivated in Luria-Bertani medium (LB; 1% bactotryptone,
0.5% yeast extract, and 0.5% NaCl) at 37 °C with vigorous shak-
ing. For solid medium, agar was added at 1.5% (w/v). Antibiotics
were used at the following concentrations: ampicillin, 100
png/ml; tetracycline, 15 pg/ml for E. coli and 50 wg/ml for
P. aeruginosa; and gentamicin, 10 ug/ml for E. coli and 50
pg/ml for P. aeruginosa. L-arabinose (0.02%) or IPTG (isopro-
pyl 1-thio-B-p-galactopyranoside, 0.1-0.5 mm) was used to
induce protein expression.

Preparation of culture supernatants

The culture supernatants were prepared as described else-
where (19). Briefly, bacterial cells were grown overnight in 5 ml
of LB and diluted 1:100 into 5 ml of fresh LB broth for main
culture. Arabinose was added when protein induction was
required. After further 16-h cultivation, the cells were removed
by centrifugation at 4 °C, and the supernatants were filtered
through a 0.22-um filter (Sartorius). When necessary, the cul-
ture supernatants were concentrated by 10-kDa cutoff Centri-
con (Vivaspin®, Sartorius).

Construction of protein overexpression plasmids

To construct the plasmids that overexpress LasA and LasB,
the DNA sequences for lasA (PA1871) and lasB (PA3724) were
obtained from the Pseudomonas database (www.pseudomon-
as.com),” and the DNA fragments were amplified by PCR reac-
tion using the specific primers containing Ndel and Xhol sites
(Table S2). The PCR products were digested with Ndel and
Xhol and ligated into the Ndel- and XholI-digested pQF21c to
make pQF21c-LasA and pQF21c-LasB (Table S1), respectively.
pQF21cis a plasmid that overexpresses a protein with a C-ter-
minal histidine tag and has a broad host range replication ori-
gin, Ori, ¢y, for replication in P. aeruginosa. To construct
pET3a-Apro and pET3a-Bpro (Table S1), plasmids that over-
express the PPs of LasA (LasA ) and LasB (LasB,,,), respec-
tively, the internal regions of the lasA and lasB genes encoding
the PP domains (from amino acids 1-236 of LasA and from
amino acids 1-197 of LasB (Fig. S1)) were amplified by PCR
with specific primers containing Ndel and BamHI sites (Table
S2) and ligated into the Ndel- and BamHI-digested pET3a to

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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generate pET3a-Apro and pET3a-Bpro, respectively. pET3ais a
plasmid that overexpresses a native protein.

Preparation of periplasmic proteins

The periplasmic proteins were prepared as described previ-
ously (31). Briefly, 2 ml of bacterial cells cultured overnight
were harvested by centrifugation for 10 min at 1100 X g. After
thoroughly removing the supernatant, the cell pellet was resus-
pended in 100 pl of 10 mm Tris-HCI (pH 8.0), mixed with an
equal volume of chloroform, vortexed briefly, and incubated at
room temperature for 15 min. The aqueous fraction containing
the periplasmic proteins was separated from chloroform by
centrifugation at 6000 X g for 20 min and withdrawn carefully
for use in the following experiments.

Overexpression and purification of histidine-tagged proteins

PIV, LasA, and LasB were overexpressed with the C-terminal
histidine tag from the pQF21c-based plasmids and purified by
affinity chromatography using nickel-agarose resin. The over-
expression plasmids for PIV, LasA, and LasB (pQF21c-PIV,
pQF21c-LasA, and pQF21c-LasB, respectively (Table S1)) were
introduced to P. aeruginosa PAO-T7 or PAO-T7-MW1 by
transformation. Overexpression and purification of these histi-
dine-tagged proteases were carried out as described previously
for PIV (17, 19). Briefly, cells harboring the overexpression plas-
mids were inoculated from the colony to 100 ml of fresh LB
broth containing 150 ug/ml carbenicillin and cultivated at
37 °C for 6 h with vigorous shaking (180 rpm). The culture was
transferred to 1 liter of LB broth with 150 ug/ml carbenicillin
and cultivated further up to A4y, = 0.5. The culture was chilled
to 16 °C, and IPTG was added at 0.1 mm. After further cultiva-
tion at 16 °C for 16 h, the cells were removed by centrifugation
at 4 °C, and the supernatant was filtered through a 0.22-um
filter. The resulting cell-free supernatant was applied to binding
buffer (20 mm Tris-HCI (pH 8.0))- equilibrated nickel-nitrilo-
triacetic acid—agarose affinity resin (Novagen) for column
chromatography. After washing the protein-bound resin with
binding buffer, the histidine-tagged proteins were eluted by im-
idazole-containing elution buffer (20 mm Tris-HCl and 5-500
mMm imidazole (pH 8.0)). The fractions containing the target
protein were pooled and dialyzed in storage buffer (20 mm Tris-
HCI and 5% glycerol (pH 8.0) for LasB and LasA; 50 mm Tris-
HCl, 50 mm NaCl, 50 mm KCl, and 30% glycerol (pH 7.5) for
PIV). The purified proteins were aliquoted and stored at
—80°C.

Purification of LasA,,, and LasB,,,

pET3a-Apro and pET3a-Bpro (Table S1) were introduced to
E. coli BL21 (DE3) to overexpress LasA,, and LasB,, respec-
tively, and cells harboring each plasmid were inoculated into 1
liter of LB broth with 100 wg/ml ampicillin and cultivated at
37 °C up to Agy, = 0.5 with shaking at 180 rpm. The cultures
were then chilled to 16 °C, and 0.5 mM of IPTG was added to
induce proteins. After further cultivation at 16 °C for 16 h, the
cells were harvested by centrifugation and washed with buffer
(20 mm Tris-HCI (pH 8.0)) at 4 °C to remove the spent medium.
The cells were resuspended in a binding buffer (20 mm Tris-
HCI (pH 8.0)) and lysed by sonication. The resulting cell debris
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and insoluble fractions were removed by centrifugation at
15,000 rpm for 20 min. The soluble fractions were loaded onto
a Q Sepharose column (GE Healthcare) and separated with
NaCl gradient elution in 20 mm Tris-HCl buffer (pH 8.0) by fast
FPLC. Fractions containing pure LasA , , or LasB,,, were pooled,
dialyzed in a storage buffer (20 mm Tris-HCI (pH 8.0)), and
stored at —80 °C.

LasA activity assay

LasA activity was determined by a staphylolysis assay as
described elsewhere (14, 23). Briefly, S. aureus cells were grown
overnight, harvested by centrifugation, and washed with water.
The cells were resuspended in 25 mm diethanolamine (pH 9.5)
and heat-killed at 100 °C for 10 min. The culture supernatants
or purified proteases were preincubated in the same diethanol-
amine buffer for 10 min and mixed with the heat-killed
S. aureus cells (final Ao = 1.0). After 1.5-h incubation at 37 °C,
the extent of S. aureus cell lysis was determined by measuring
the A, using a spectrophotometer (Optizen 3220UV). With
this method, higher LasA activity indicates a lower value. For
easier and more intuitive understanding, the activity of LasA
was converted to the relative value of the LasA activity in the
WT (100%) using the following equation: LasA activity (%) =
[(1 — Agqs of the staphylolytic reaction with sample)/(1 — Aqs
of staphylolytic reaction with the WT)] X 100.

LasB activity assay

The activity of LasB was determined from its elastolytic
activity using the elastin—Congo red method as described else-
where with a slight modification (14, 32). Briefly, the culture
supernatants prepared from the indicated strains or purified
LasB were mixed with 10 mg/ml elastin—-Congo red in 10 mm
Tris-HCI (pH 8.0) and incubated at 37 °C for 16 h. After cen-
trifugation at 15,000 X g for 10 min to remove any precipitation,
A 90 was measured using an iMark™ microplate reader (Bio-
Rad). Like LasA activity, LasB activity was also converted to the
relative LasB activity in the WT (100%).

PIV activity assay

PIV activity was determined using a chromogenic substrate
(N-(p-tosyl)-Gly-Pro-Lys-4-nitroanilide acetate salt, Sigma) as
described elsewhere (2). The indicated amount of purified pro-
teins or culture supernatants prepared from the various strains
was added to 100 ul of reaction buffer (50 mm Tris-HCI (pH
8.0)) containing 200 uMm of chromogenic substrate. The reac-
tion was incubated at 37 °C for 10 min, and A ,;, was measured
using a spectrophotometer (Optizen 3220UV). The PIV activity
is also presented as the relative PIV activity in the WT (100%).
No significant cross-reactivity was observed in the assays for
LasA, LasB, and PIV.

Inhibition of proteases by exogenous PPs

A 500-ng sample of purified mature LasA or LasB was mixed
with purified LasA,, or LasB,,, at the indicated molar ratio and
incubated at room temperature for 30 min, and the activity was
then measured as described above.
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Mutant construction

The mutants used in this work were obtained by gene replace-
ment using the suicide plasmid pEX19Ap (Table S1) and a sacB-
based selection strategy (33). Briefly, the up- and downstream
regions of the target gene (longer than 500 bp) were amplified by
PCR using specific primers (Table S2) and inserted into pEX-19Ap
using specific enzyme sites (Pstl and Xbal for lasA upstream, Kpnl
and EcoRI for lasA downstream, Sacl and Xbal for lasB upstream,
and Kpnl and Sacl for lasB downstream). The tetracycline resis-
tance (Tc®) cassette obtained from the original transposon (Table
S1) by PCR was inserted into the Xbal and Kpnl sites between the
upstream and downstream regions. As a result, the regions cover-
ing the full ORFs of lasA and lasB were replaced with the Tc®
cassette on pEX19Ap. To generate the lasA and lasB mutants, the
recombinant plasmids were introduced into P. aeruginosa PAO1
by conjugation (through E. coli SM10 (Table S1)), and the strain
with chromosomal integration of the plasmid as a merodiploid
was selected on VBMM medium (0.3% trisodium citrate, 0.2% cit-
ric acid, 1% K,HPO,, 0.35% NaNH,PO,, 1 mm MgSO,, 100 um
CaCl,, pH 7.0) containing 50 ug/ml tetracycline. The merodiploid
was then resolved by plating the strain on VBMM medium con-
taining 5% sucrose. Because the strain that harbors the SacB-con-
taining plasmid moiety cannot survive on sucrose, only the strain
that removes the plasmid moiety, leaving the Tc" cassette during
the resolution of merodiploid, can survive on the plate containing
sucrose and tetracycline. The mutants were obtained by successive
selection on a plate containing sucrose and tetracycline and con-
firmed by PCR with specific primers (Table S2) and loss of protease
activity.

Statistical analysis

A Student’s ¢ test (two-sample assuming equal variances) was
used to determine the significance of the differences using
Microsoft Office Excel. p < 0.05 was considered significant. All
experiments were carried out in triplicate and repeated at least
twice independently.

Author contributions—X.-H. L. formal analysis; X.-H. L. writing-
original draft; J.-H. L. supervision; J.-H. L. project administration;
J.-H. L. writing-review and editing.
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