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ABSTRACT Lon protease and members of the Clp family
of molecular chaperones and protease regulatory subunits
contain homologous regions with properties expected for
substrate-binding domains. Fragments corresponding to
these sequences are stably and independently folded for Lon,
ClpA, and ClpY. The corresponding regions from ClpB and
ClpX are unstable. All five fragments exhibit distinct patterns
of binding to three proteins that are protease substrates in
vivo: the heat shock transcription factor s32, the SOS mu-
tagenesis protein UmuD, and Arc repressor bearing the SsrA
degradation tag. Recognition of UmuD is mediated through
peptide sequences within a 24-residue N-terminal region
whereas recognition of both s32 and SsrA-tagged Arc requires
sequences at the C terminus. These results indicate that the
Lon and Clp proteases use the same mechanism of substrate
discrimination and suggest that these related ATP-dependent
bacterial proteases scrutinize accessible or disordered regions
of potential substrates for the presence of specific targeting
sequences.

Recognition of the correct partners or substrates is critical for
almost all biological transactions. For irreversible processes
like protein degradation, choosing the appropriate molecular
targets is especially important because cleavage of the wrong
polypeptides could be damaging or even fatal. Moreover,
degradation of the proper substrates is required to eliminate
misfolded or defective proteins and to control the cellular
activities of critical regulatory proteins (1–3). A bacterium
such as Escherichia coli contains '4,300 different proteins, and
its intracellular proteases must differentiate among these
diverse molecules, selecting only a small subset for destruction.

In E. coli and other bacteria, many of the intracellular
proteases must hydrolyze ATP to degrade protein substrates;
this class includes single-chain enzymes, such as Lon, and
two-chain proteases, such as ClpAP, ClpXP, and ClpYQ
(HslUV) (1–3). For the latter enzymes, ClpP or ClpQ is the
peptidase subunit, and ClpA, ClpX, or ClpY is the ATPase and
substrate-binding subunit. The peptidase subunits form hex-
americ or heptameric rings, which combine in a two-tier stack
(4–6); the regulatory ATPase subunits form six-member rings
that can bind at both ends of the protease stack (6–8). The
resulting assembly sequesters the protease active sites in a
central cavity, preventing inadvertent cleavage of the wrong
proteins. This architecture requires that the Clp ATPase
subunits act as gatekeepers, recognizing the proper substrates
and mediating their delivery to the proteolytic cavern (9). By
themselves, ClpA and ClpX can function as disassembly chap-
erones to catalyze the dissociation of certain multimeric
proteins (10–13). Other Clp family ATPases, including E. coli

ClpB and yeast Hsp104, are not known to interact with
protease subunits and may function solely as chaperones (2, 3,
14).

An understanding of the molecular determinants of sub-
strate recognition by intracellular proteases requires two types
of information: (i) which features of the protein substrates are
recognized; and (ii) how the proteases mediate this recogni-
tion. Some unstable proteins in E. coli are degraded by a
particular protease whereas others are cleaved by several
different proteases. For example, UmuD, a protein involved in
regulation of the SOS response to damaged DNA, is degraded
by Lon protease in a reaction that depends on internal
sequences in a region of 24 N-terminal residues (15). l
repressor’s N-terminal domain tagged with the SsrA degrada-
tion peptide is subject to C-terminal specific degradation by
ClpXP and ClpAP, as well as by FtsH, a membrane-bound
ATP-dependent protease of the AAA family (16, 17). The
heat-shock transcription factor, s32, is proteolyzed by both
ClpYQ (18) and FtsH (19, 20), again in reactions that seem to
involve C-terminal sequence determinants (ref. 21; C. Herman
and C. Gross, personal communication). Thus, some proteo-
lytic substrates in E. coli appear to be recognized via signals at
their C terminus whereas others are recognized by internal
sequences.

The domain structures of Lon protease and the Clp proteins
are shown in Fig. 1 A. In ClpX, the C-terminal domain binds
proteins in a fashion that parallels the substrate specificity of
the intact enzyme (22, 23). Homologous sequences are present
in the other Clp ATPases and also in Lon protease (Fig. 1B).
The most conserved motif in this region, G-F-R-X-F (F 5
hydrophobic), is part of signature sequence V of Clp family
ATPases (24) and is present in all Lon homologs. Neuwald et
al. (25) have aligned this ClpyLon motif with the sensor-2
motif GyP-X-F-R-X-F in a superfamily of ATPases. Partial
three-dimensional structures are known for two of these
superfamily members (26–28), revealing that side chains in the
sensor-2 motif are part of an a-helical domain and are
positioned to interact with bound nucleotide in a nearby
ATPase domain.

Here, we examine the structural properties of the putative
substrate-binding domains from ClpA, ClpB, ClpX, ClpY, and
Lon and assay their binding to three pairs of proteins that are
degraded differentially by proteases in E. coli. These domains
display distinct but overlapping binding preferences, which are
affected by C-terminal peptide sequences for two substrates
and by peptide sequences near the N terminus for another
substrate. We propose that these homologous ‘‘sensor- and
substrate-discrimination’’ or SSD domains play critical roles in
the mechanism by which energy-dependent bacterial proteases
recognize the correct substrates.
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MATERIALS AND METHODS

Plasmids. A plasmid expressing the ClpA SSD domain was
constructed by PCR subcloning of DNA encoding E. coli ClpA
residues 654–758 between the NdeI and BamHI sites of
pET800 (29). The resulting plasmid contains the sequence
NH2-MH6 fused to the ClpA SSD domain. DNA encoding the
SSD domains of E. coli ClpB (residues 766–857), ClpX
(residues 318–424), ClpY (residues 336–443), or Lon (resi-
dues 495–607) was PCR amplified and cloned between the
NdeI and XhoI sites of pET15b (Novagen), generating plas-
mids with NH2-MGSSH6SSGLVPRGSHM fused to the SSD
domains. Plasmid constructions were confirmed by restriction
mapping and DNA sequencing.

Proteins. The His-tagged SSD domains were purified from
E. coli strain BL21 (DE3) (Novagen) containing the appro-
priate plasmid. Cells were grown at 37°C to an A600 of 0.6 in
Luria–Bertani broth, were induced by addition of 1 mM
isopropyl b-D-thiogalactoside, were grown for 3 h more, were
harvested by centrifugation, and were lysed with 200 mgyml
lysozyme at 4°C for 1 h in 50 mM Tris (pH 8) and 10% sucrose.
The cell paste was sonicated to reduce viscosity and then was
centrifuged at 20,000 3 g for 30 min. The supernatant was
purified by chromatography on Ni–nitrilotriacetic acid–
agarose (Qiagen, Chatsworth, CA) under native conditions,
according to the manufacturer’s recommendations. Proteins
were concentrated in a centriprep 3 concentrator (Amicon)
and were further purified by gel filtration on Superdex 75 HR
10y30 (Amersham Pharmacia). Purified proteins were .95%
pure as determined by Coomassie blue staining after SDSy
PAGE and had masses predicted from the sequence after
post-translational removal of the N-terminal methionines of
the Lon, ClpB, ClpX, and ClpY fragments.

Arc-ssrA contains the C-terminal extension H6KNQHE
AANDENYALAA fused to wild-type Arc, where the italicized
sequence is the SsrA-degradation tag (30). Arc-ssrA-DD has
the C-terminal sequence H6KNQHEAANDENYALDD.
These proteins were expressed at 32°C in E. coli strain
SG1146a (clpP2, lon2, DE3) (16) transformed with pET3a-
Arc-ssrA or pET3a-Arc-ssrA-DD (22). Both proteins were
purified by Ni–nitrilotriacetic acid chromatography under
denaturing conditions (31). UmuD, UmuD9, and UmuD an-
tisera were gifts from Mark Sutton and Graham Walker
(Massachusetts Institute of Technology). s32, s32-DD, and s32

antisera were gifts from Christophe Herman and Carol Gross
(University of California at San Francisco).

Spectroscopy. Fluorescence spectra were collected on a
Hitachi (Tokyo) F4500 fluorescence spectrophotometer by
using 2 mM protein in 50 mM potassium phosphate (pH 7.6)
and 100 mM NaCl at 20°C. Circular dichroism (CD) experi-
ments were performed by using an Aviv Associates (Lake-
wood, NJ) 60DS spectrapolarimeter in 25 mM potassium
phosphate (pH 7.5), 50 mM NaCl, and 10% glycerol (with 0.5
mM b-mercaptoethanol for Lon SSD). Far ultraviolet wave-
length scans were performed at 20°C, and ellipticity measure-
ments were averaged for 15 s at each wavelength. The a-helical
content was calculated by assuming a mean residue ellipticity
of 34,000 for 100% helix. Thermal denaturation was monitored
by changes in CD ellipticity at 222 nm by using 2–3 mM protein.
Samples were equilibrated for 1.5 min between temperature
changes, and ellipticity readings were averaged for 30 s at each
temperature. Fraction native was determined as («-«D)y(«N-
«D), where « is the observed ellipticity, and «D and «N are the
ellipticities of the denatured and native baselines, respectively.
Near ultraviolet wavelength scans were the average of five
measurements taken at 20°C in 25 mM TriszHCl (pH 8.0) and
50 mM NaCl. Ellipticity measurements were averaged for 15 s
at each wavelength.

Limited Proteolysis. Trypsin or chymotrypsin were used to
digest a 500-fold molar excess of the SSD domains (60–100

mM) at room temperature in 25 mM Tris (pH 8.0), 50 mM
NaCl, and 1 mM CaCl2. Reactions were stopped by adding
phenylmethylsulfonyl f luoride and freezing in liquid nitrogen.
Samples were analyzed by electrophoresis on 15% Tris tricine
SDS gels and by matrix-assisted laser desorption ionization–
time-of-f light mass spectroscopy using a PerSeptive Biosys-
tems (Framingham, MA) Voyager DE-STR instrument. The
program PAWS 8.1.1 (ProteoMetrics, New York) was used to
correlate masses with sequences.

Oligomeric State. Analytical ultracentrifugation at 20°C was
performed by using a Beckman Coulter XL-A ultracentrifuge
and rotor speeds of 16,000 and 24,000 rpm. For the ClpA,
ClpX, ClpY, and Lon domains, the buffer was 25 mM potas-
sium phosphate (pH 7.6), 100 mM NaCl, and 0.1 mM EDTA
(with 2 mM b-mercaptoethanol for Lon). For the ClpB
domain, the buffer was 50 mM sodium acetate (pH 6.3), 100
mM NaCl, and 0.1 mM EDTA. Proteins were passed through
0.2-mm filters before centrifugation. After reaching equilib-
rium (15–22 h), five scans at wavelengths of 276 or 288 nm were
collected and averaged. Data were fitted by nonlinear least
squares analysis (Gnuplot) by using partial specific volumes
calculated by using the program SEDNTERP (32). In most cases,
a function including monomers, dimers, and trimers was
required to fit the centrifugation data with random distribu-
tions of residuals. For these multispecies fits, the masses were
fixed at values calculated from the monomer molecular weight.

Binding Assays. For indirect ELISAs, the procedure of
Levchenko et al. (22) was used with minor variations: 9 mg of
each SSD domain was immobilized; wells were blocked by
using 0.3% BSA in PBS buffer; horseradish peroxidase-
conjugated donkey (Fab9)2 anti-rabbit antibody (Amersham
Pharmacia) was used; and immunocomplexes were detected by
using TMB Micro Well (Kirkegaard & Perry Laboratories).
Nonspecific binding, determined by omitting the SSD domains
from the ELISA, was subtracted from the readings obtained
with the SSD domains present. There was no significant
cross-reactivity of antibodies with the SSD domains, and each
antisera reacted equally well with the wild-type and control
protein variants.

RESULTS

Previous studies of a ClpX fragment containing residues
327–424 showed that this region had the same binding spec-
ificity as full length ClpX for two known substrates (22). To
characterize the homologous regions of other Clp ATPases
and Lon, we cloned fragments containing the ClpA, ClpB,
ClpY, and Lon sequences shown in Fig. 1B. Because the
original 327–424 ClpX fragment did not fold cooperatively, we
also cloned a longer ClpX fragment in the hope of improving
stability. We refer to these Clp and Lon fragments as SSD
domains. These SSD fragments contain 9 or 10 additional
N-terminal residues relative to the original 327–424 fragment
of ClpX and extend to the natural C termini of the Clp
proteins. The Lon fragment contained 13 C-terminal residues
past the region of Clp homology because of uncertainty in the
domain boundary. Each SSD fragment was cloned with an
N-terminal His-tag for affinity purification.

Stable Folding of the ClpA, ClpY, and Lon SSD Domains.
The purified SSD fragments from ClpA, ClpY, and Lon
behaved as stable, independently folded, native domains. Far
ultraviolet CD revealed a-helical secondary structure ranging
from 26–38% for individual domains (Fig. 2A), which was lost
cooperatively during thermal denaturation (Fig. 2B). Fluores-
cence spectra showed blue shifts of 1.5–6.3 nm expected for
partial burial of tryptophan (Fig. 2C), and strong and distinct
near ultraviolet CD spectra were observed, providing evidence
for tight tertiary packing of aromatic side chains (Fig. 2D).

The SSD fragments of ClpA, ClpY, and Lon were largely
resistant to protease digestion, again suggesting a stable ter-

Biochemistry: Smith et al. Proc. Natl. Acad. Sci. USA 96 (1999) 6679



tiary fold. A time course of tryptic digestion of the ClpY
fragment, monitored by SDSyPAGE, revealed cleavage to
produce a slightly smaller species (Fig. 3). Analysis of the
digestion products by mass spectrometry showed that trypsin
removed a portion of the N-terminal His-tag and three C-
terminal residues. As depicted by the arrows in Fig. 1B, trypsin
also cut the Lon SSD fragment within the His-tag region and
cleaved both the Lon and ClpA domains at positions analogous
to the C-terminal ClpY cleavage site. Digestion of the Lon
fragment trimmed this domain to approximately the same size
as the ClpA and ClpY SSD domains.

Non-Native Properties of the ClpB and ClpX Fragments.
The SSD fragments of ClpB and ClpX were not stably folded
and had properties consistent with significant non-native char-
acter. For example, both fragments were digested to short
peptides by trypsin and chymotrypsin, showed less CD ellip-
ticity than the other SSD domains (18 and 12% helix, respec-
tively), had poorly cooperative (ClpB) or noncooperative
(ClpX) thermal melts, and exhibited no significant near ultra-
violet CD spectrum (data not shown).

Solution Molecular Weight. The intact Clp ATPases and
Lon protease function as oligomers (1–3, 14). When assayed by

analytical ultracentrifugation, the SSD domains did not form
stable oligomers but sedimented as expected for mixtures
composed predominantly of monomers (Table 1) with some
dimeric and trimeric species.

SSD Domains Discriminate Between Protein Substrates. In
binding assays (Fig. 4), the SSD domains from ClpA, ClpB,
ClpX, ClpY, and Lon showed distinct patterns of interaction
with three potential substrates: s32, UmuD, and Arc repressor
with the SsrA-degradation tag (Arc-ssrA). Each of these
proteins is degraded rapidly in E. coli (19, 30, 33, 34). No
binding was detected to the s32-DD, UmuD9, or Arc-ssrA-DD
control variants, which are comparatively stable to intracellu-
lar degradation. The DD variants have different C-terminal
dipeptides than their counterparts, and UmuD9 lacks the
N-terminal 24 residues of UmuD. Of the 15 combinations of
SSD domains and protein pairs, five cases of strong, specific
binding were detected. The SSD domains of ClpA and ClpY
bound well to s32 but not to s32-DD; those of ClpY and ClpX
bound to Arc-ssrA but not Arc-ssrA-DD; and the SSD domain
of Lon bound to UmuD but not to UmuD9. Specific but
lower-level binding also was observed for several other com-
binations of SSD domains and test proteins (e.g., Lonys32;
ClpAyArc-ssrA; ClpAyUmuD; and ClpByUmuD). As dis-
cussed below, many of these binding interactions mimic deg-
radation preferences observed in vivo. We note that the ClpX
and ClpB SSD domains bind some potential substrates even
though these fragments do not fold stably by themselves. This
observation may mean that stable folding is not a prerequisite
for protein binding or that binding of the ClpX and ClpB
fragments to substrates or other components in the assay
stabilizes their native structures.

FIG. 3. Limited tryptic digestion of the ClpY SSD domain assayed
by SDSyPAGE.

FIG. 1. (A) Domain structures of Lon and Clp proteins. Approx-
imate domain boundaries are from this work for SSD domains,
Neuwald et al. (25) for ATPase domains, and homology with the
purified, stably folded N-domain of ClpA (J. Lo, personal communi-
cation) and coiled-coil domain of ClpB (C.K.S., unpublished work).
(B) Alignment of the E. coli Lon and Clp SSD sequences. Lowercase
letters represent sequences from His tags added during cloning.
Arrows indicate domain boundaries determined by tryptic digestion.

FIG. 2. (A) Far UV CD spectra at 20°C. (B) Thermal denaturation
monitored by the change in CD ellipticity at 222 nm. (C) Fluorescence
emission spectra at 20°C (excitation 280 nm). (D) Near UV CD spectra
at 20°C. In A and D, the units of ellipticity are degzcm2ydmol.
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DISCUSSION

We have shown that Lon protease and members of the Clp
family of ATPases and protease regulatory subunits contain
homologous sequences of '100 amino acids that mediate
binding to and discrimination among different protein sub-
strates. These sequences also contain a signature sequence
related to the sensor-2 motif found in clamp-loading subunit of
DNA polymerase III and the AAA1 superfamily of ATPases
(25, 26). We refer to these LonyClp sequences as sensor- and
substrate-discrimination or SSD domains. Protein fragments
corresponding to the SSD regions of the ClpA, ClpY, and Lon
proteins of E. coli fold independently as autonomous structural
domains by the criteria of cooperative thermal denaturation,
evidence for well packed hydrophobic cores, and resistance to
digestion by trypsin and chymotrypsin. The SSD sequences of
the ClpX and ClpB proteins of E. coli were poorly folded as
isolated fragments. However, this region of ClpX is protease
resistant in the intact protein (I. Levchenko and T.A.B.,
unpublished work), suggesting that interactions with other
ClpX domains are required for stability.

The purified SSD domains of Lon and the Clp ATPases
showed distinct patterns of binding to three proteins—UmuD,
s32, and SsrA-tagged Arc—that are rapidly degraded in E. coli.
In each case, a closely related protein that is comparatively
resistant to degradation served as a negative control. For
example, UmuD but not but UmuD9 bound strongly to the

SSD domain of Lon. UmuD is a substrate for Lon degradation
in vivo and in vitro; UmuD9, which lacks 24 N-terminal residues
of UmuD, is not degraded by Lon (15). Agreement between
degradation specificity and SSD-binding specificity also is
observed for the heat-shock transcription factor s32. ClpYQ
has been implicated in s32 degradation in the cell (18), and the
wild-type s32 protein but not the s32-DD mutant was recog-
nized by the ClpY SSD domain. As previously shown and
confirmed here for Arc-ssrA, there are also strong correlations
between the binding specificity of the ClpX SSD domain and
the known protease and chaperone specificities of the intact
ClpX and ClpXP enzymes (16, 22, 23). As a whole, these results
support the conclusion that the SSD domains of Lon and the
Clp ATPases function in the recognition of the specific protein
substrates of these enzymes.

The observed binding interactions of the SSD domains do
not always parallel established proteolytic specificities. For
example, the SSD domain of ClpA binds s32, but ClpAP is not
known to degrade s32. Similarly, the SSD domain of ClpY
binds Arc-ssrA, but ClpYQ has not been implicated in deg-
radation of other proteins bearing the SsrA tag (16). Several
explanations for these discrepancies are possible. First, binding
of the Lon or Clp enzymes to a particular protein substrate may
be necessary but not sufficient to trigger degradation because
one or more additional signals also are required for substrate
unfolding or translocation to the protease active sites. Second,
substrates that are bound in vitro may not be degraded in vivo
because the enzyme and substrate are localized in different
regions of the cell or are expressed at different times or under
different growth conditions. Finally, further experiments may
show that some of these proteins are indeed substrates for the
proteases whose SSD domains bind to them.

What features of substrates are recognized by the SSD
domains? C-terminal binding determinants are clearly impor-
tant for s32 and Arc-ssrA because substituting their C-terminal
amino acids reduces binding by the SSD domains of ClpA,
ClpX, or ClpY. By contrast, determinants near the N terminus
are indicated for UmuD, as removal of 24 residues to generate
UmuD9 prevents binding by the Lon SSD domain. Alanine-
substitution experiments suggest that Lon recognizes an in-
ternal site in this region of UmuD that includes the sequence
F15-P16-L17-F18 (15). Thus, SSD domains, as a class, appear
capable of recognizing both internal and C-terminal peptide
sequences. Because ClpAP has been implicated in degradation
of N-end rule substrates in E. coli (35), SSD-recognition
sequences also may include the extreme N-terminal amino
acids of some substrates. The number of substrate residues that
comprise a recognition site is unknown. However, adding tags
of 7–11 residues is sufficient to target several proteins for
degradation (23, 36, 30).

Are the SSD domains of specific enzymes specialized for
C-terminal, internal, or N-terminal peptide recognition? The
available data are too sparse to answer this question defini-
tively, but we suspect that the answer may be no. We note, for
example, that the Lon SSD domain discriminates between
UmuD and UmuD9, which differ in sequences near the N
terminus, and also between s32 and s32-DD, which differ at the
C terminus. Moreover, ClpAP-dependent degradation in vivo
involves the C termini of some substrates and sequences near
the N termini of others (16, 35, 37). Obviously, the exact nature
of the substrate peptide sequences must play critical roles in
determining specificity, but the recognition rules for any given
SSD domain are still obscure. The SsrA tag is presented as an
unstructured peptide (16, 22), and the UmuD recognition site
also is thought to be highly accessible to proteases (15). Hence,
it seems likely that the SSD domains of the Clp ATPases and
Lon search disordered or accessible regions for the presence
of specific sequences that can adopt a complementary struc-
ture in the complex.

FIG. 4. ELISA assays of the binding of SSD domains to Arc-ssrA
(left column), s32 (center column), and UmuD (right column) are
shown in closed symbols. Binding to the control proteins Arc-ssrA-DD,
UmuD9, and s32-DD are shown in open symbols. Data points are the
average of a minimum of four duplicate samples.

Table 1. Oligomeric form probed by analytical ultracentrifugation

SSD domain Monomer Mr Weight-average Mr

ClpA (104 mM) 12,615 16,789
ClpB (60 mM) 12,635 12,649
ClpX (50 mM) 13,943 13,245
ClpY (20 mM) 14,227 15,226
Lon (102 mM) 15,062 18,484
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It was proposed that the substrate-binding region of ClpX
contained tandem ‘‘PDZ-like’’ sequences, which are peptide-
binding domains in eukaryotic signaling proteins and periplas-
mic bacterial proteases (22). Our studies here, however, have
provided a better definition of the SSD domain boundaries and
are inconsistent with this model. Specifically, the regions of
cooperatively folded structure in the SSD domains of ClpY,
ClpA, and Lon contain all of one and part of another sequence
that had been modeled as separate PDZ-like domains. Neu-
wald et al. (25) have predicted that the SSD regions of the Clp
and Lon ATPases resemble helical domains in the structures
of the d9 subunit of E. coli DNA polymerase III (26) and the
D2 subfragment of NSF, the N-ethylmaleimide-sensitive factor
involved in vesicle fusion (27, 28). Both of these proteins, like
the Clp ATPases, are thought to change the conformations of
other proteins as part of their mechanisms. NSF is also a
hexameric ATPase in which a lysine in a sensor-2 motif
interacts with bound nucleotide in an ATPase domain. An
interaction of this type between the arginine in the G-F-R-X-F
motif of the ClpyLon proteins and the ATPase domains of
these enzymes might provide a way to couple substrate binding
to the SSD domain with nucleotide binding or hydrolysis. This
interaction, in turn, could initiate substrate unfolding or
translocation reactions. The stable SSD domains characterized
here are partly a-helical, as judged by their CD spectra, but the
extent of possible structural homology with the sensor-2
domains remains to be determined.

Our finding that Lon and the ClpAP, ClpXP, and ClpYQ
proteases use related mechanisms of substrate recognition
extends the functional parallels between these energy-
dependent, oligomeric proteases (1–3, 14, 38) and suggests that
Lon actually can be considered to be part of an extended Clp
family. Consistent with this model, the Lon homolog from
yeast, like the Clp ATPases, is hexameric and seems to function
as a chaperone as well as a protease (39, 40).
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