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The DegP protein, a multifunctional chaperone and protease, is essential for clearance of denatured or
aggregated proteins from the inner-membrane and periplasmic space in Escherichia coli. To date, four natural
targets for DegP have been described: colicin A lysis protein, pilin subunits and MalS from E. coli, and
high-molecular-weight adherence proteins from Haemophilus influenzae. In vitro, DegP has shown weak pro-
tease activity with casein and several other nonnative substrates. We report here the identification of the major
pilin subunit of the Pap pilus, PapA, as a natural DegP substrate and demonstrate binding and proteolysis of
this substrate in vitro. Using overlapping peptide arrays, we identified three regions in PapA that are
preferentially cleaved by DegP. A 7-mer peptide was found to be a suitable substrate for cleavage by DegP in
vitro. In vitro proteolysis of model peptide substrates revealed that cleavage is dependent upon the presence
of paired hydrophobic amino acids; moreover, cleavage was found to occur between the hydrophobic residues.
Finally, we demonstrate that the conserved carboxyl-terminal sequence in pilin subunits, although not a
cleavage substrate for DegP, activates the protease and we propose that the activating peptide is recognized by
DegP’s PDZ domains.

The DegP (HtrA, protease Do) protease is a multifunctional
protein essential for the removal of misfolded and aggregated
proteins in the periplasm of Escherichia coli. DegP is one of
several dozen proteases in E. coli and is known to have homo-
logues in virtually all gram-negative bacteria, cyanobacteria,
and mycobacteria as well as in higher-order organisms such as
yeasts and humans (33). DegP homologues have recently been
described for a number of gram-positive bacteria (18, 32, 36,
45). There are also two homologues of DegP, referred to as
DegQ and DegS, in E. coli (22, 54). DegP has been rediscov-
ered several times, as is revealed by the nomenclature (30, 33,
42). The DegP (for “degradation”) nomenclature refers to the
initial mapping of a mutation in E. coli that allowed the accu-
mulation of unstable fusion proteins in the periplasm (50, 51).
The HtrA (for “heat shock regulated”) designation indicates
that a transposon insertion in the same gene resulted in a
temperature-sensitive growth phenotype (28). Lastly, DegP
was also designated protease Do, again as a mutation that
conferred a temperature-sensitive growth phenotype in E. coli
(42). The DegP designation is used throughout this report.

Purified DegP exhibited functional protease activity in in
vitro assays using casein as a substrate, although its activity on
this substrate was weak (29). Lipinska et al. (29) demonstrated
that the activity with casein was inhibitable by diisopropyl flu-
orophosphate and not by any other known protease inhibitors,
suggesting that DegP contains an active site serine residue.
Interestingly, DegP is not inhibited by the classic serine pro-
tease inhibitor, phenylmethyl-sulfonyl fluoride, suggesting dif-

ferences in the mode of action of DegP (21, 29). Site-directed
mutagenesis at serine 210 and histidine 105, two components
of the serine protease catalytic triad, compromised DegP func-
tion in vitro and in vivo; i.e., strains carrying serine 210 or
histidine 105 mutant derivatives were sensitive for growth at
elevated temperatures (43). A recent study has shown that
DegP functions as both a chaperone and a protease: at low
temperature (28°C), the chaperone function predominates;
following a shift to high temperature (45°C), the protease
function is activated (48). Synthesis of DegP is controlled by
�E, the so-called “stress” sigma factor that controls genes es-
sential for survival in the face of extracellular stress (37, 39).
This response is regulated, in part, by the CpxA/CpxR two-
component regulatory system (6, 7). Recently, Jones et al. (19)
demonstrated that expression of pilin subunits in the absence
of the cognate periplasmic chaperone (such conditions result
in pilin subunit aggregation) resulted in activation of the degP
promoter.

The first identified in vivo target for DegP was colicin A lysis
protein (Cal) (4). DegP was found to clip the acylated precur-
sor form of Cal into two fragments. Mature Cal also accumu-
lated to higher levels in degP mutant strains (4). A second
family of DegP targets was identified as bacterial pilins. The
K88 and K99 pilin subunits were found to accumulate to higher
levels in degP mutant strains (1). A more detailed study of this
phenomenon demonstrated that P pilins, specifically PapA and
PapG, are substrates for the DegP protease (19). The Hae-
mophilus influenzae nonpilus adhesin proteins HMW1 and
HMW2 were also found to be in vivo substrates for DegP (49).
In addition, Spiess et al. (48) recently demonstrated that the
MalS protein of E. coli was fully degraded in vitro by DegP.

The crystal structure of E. coli DegP was recently solved

* Corresponding author. Mailing address: Wyeth Research, Bldg.
205, Rm. 282, 401 N. Middletown Rd., Pearl River, NY 10965. Phone:
(845) 602-1762. Fax: (845) 602-2480. E-mail: jonesh3@wyeth.com.

5762



(23), revealing that DegP is a hexamer composed of two trim-
eric rings. The proteolytic sites are located in the central cavity,
and the PDZ domains from all six monomers associate to form
the walls of the protease machine and are well positioned to
mediate substrate binding and access to the central catalytic
cavity (23). Further, the structural constraints of the central
cavity are such that DegP substrates must be partially unfolded
to gain access to the catalytic sites (23).

In the last several years, a significant body of data has accu-
mulated which has demonstrated that DegP is a virulence
factor for several pathogenic organisms. In Salmonella enterica
serovar Typhimurium, Salmonella enterica serovar Typhi, Bru-
cella abortus, Brucella melitensis, and Yersinia enterocolitica,
htrA nulls were found to reduce or abolish virulence (9, 10, 17,
27, 35, 52). The htrA null mutants were found to be more
sensitive to oxidative stress and killing by immune cells. More-
over, an htrA lesion was found to be useful in attenuating both
Salmonella enterica serovar Typhi (52, 53) and Salmonella en-
terica serovar Typhimurium (38) for implementation as vaccine
strains. Boucher et al. (2) demonstrated that Pseudomonas
aeruginosa conversion to mucoidy, the so-called cystic fibrosis
phenotype, involves two htrA homologues. In a recent report,
Pedersen et al. (34) demonstrated that an htrA null mutant in
Legionella pneumophila was attenuated for virulence. Recently,
degP was insertionally inactivated in Streptococcus pyogenes,
resulting in temperature and oxidative sensitivity as well as in
compromising of virulence in a mouse model (18).

Early in vivo data suggested that pilin subunits of the so-
called chaperone-usher assembly pathway were DegP sub-
strates (1). Expression of pilin subunit proteins in the absence
of the cognate chaperone (PapD) resulted in failure to accu-
mulate subunit in the periplasm of wild-type (DegP�) bacteria,
and degP mutant strains were found to accumulate higher
levels of pilin subunit in the periplasm (1, 14, 15, 19). More-
over, subunit expression in the degP mutant was highly toxic
(19). Both toxicity and accumulation were suppressed by
complementation with papD, which encodes the periplasmic
chaperone, or degP (19). In the present study, we developed a
scheme for purification of the PapA subunit of the P pilus and
demonstrated that this protein is a natural substrate that is
efficiently cleaved by the DegP protease. We also identified
three cleavage sites within the PapA sequence and character-
ized the determinants essential for proteolytic cleavage of one
of the peptide substrates. Lastly, we demonstrated that the
conserved carboxyl-terminal sequence in pilin subunits is a
potent activator of the protease.

MATERIALS AND METHODS

Strains and genetic constructs. DH5� (13) and INV�F’ (Invitrogen, Carlsbad,
Calif.) were used in cloning steps. KS272 (MC1000) [F� �(ara-leu)7697 galE
galK �lacX74 rpsL (Strr)] was used for expression of DegP (51). KS474 (KS272
degP::kan) was used for production of PapA-6H4A. pKS17 (51), a gift of T.
Silhavy, was used for overexpression and purification of DegP. PCR cloning of
papA was performed as previously described (31), using primers designed to
insert six histidine codons and two alanine codons immediately downstream of
the PapA leader-processing site. The mutated papA gene was amplified to in-
clude BamHI and EcoRI restriction sites to facilitate cloning into pMMB66 (11),
creating pCL101. The PapD expression plasmid, pHJ9203, was described previ-
ously (19).

PapA-6H4A expression and purification. PapA-6H4A was purified from whole
periplasm by denaturing metal-affinity chromatography (MAC). In brief,
periplasm, prepared as previously described, was applied to Talon (Clontech,

Palo Alto, Calif.) metal affinity beads in batch and washed in buffer (20 mM Tris
[pH 8], 100 mM NaCl) containing 6.0 M guanidine-HCl to remove the chaperone
(PapD). For efficient cleavage by DegP, PapA-6H4A was subjected to reduction
and carboxymethylation. Guanidine-HCl-denatured PapA-6H4A was reduced in
a buffer consisting of 400 mM Tris (pH 8.5), 5.0 mM EDTA, and 0.11 M
2-mercaptoethanol and incubated at 4°C for 2 h. The reduced protein was
carboxymethylated by incubation with 0.21 M iodoacetic acid for 1 h at 4°C. The
protein was then dialyzed into 20 mM Tris (pH 8.5) for use in cleavage assays.

Purification of DegP protease. DegP was purified from whole periplasm, which
was prepared as previously described (19). Approximately 30 g (wet weight) of
cells was used to prepare periplasm. Following dialysis against 33 mM MES–33
mM HEPES–33 mM acetate (pH 5.9), the periplasm was applied to a HiTrap S
cation exchange column (Amersham Pharmacia Biotech, Uppsala, Sweden).
DegP eluted at approximately 100 mM NaCl in a linear salt gradient. Peak
protein fractions were adjusted to 0.5 M ammonium sulfate and applied to an
HIC butyl column (Amersham Pharmacia Biotech). DegP eluted from the hy-
drophobic column at approximately 0.3 M ammonium sulfate. All five bands
appearing in the peak fractions eluting from the butyl column were identified as
DegP species by amino-terminal sequence analysis.

Whole protein cleavage assay. Proteolysis assays were performed in a buffer
consisting of 20 mM Tris (pH 8) at 45°C for 30 min to 15 h. MgCl2 or CaCl2 (5
mM) was added to later assays, and to verify dependence on divalent cation,
EDTA was added at 10 mM. Where indicated, the assay was supplemented with
the noncleavable peptide with the sequence KSMCMKLSFS, SPCJ-1 (200 �M),
which is derived from the carboxyl terminus of the PapG adhesin.

Peptide scanning (ProteaseSpot). Overlapping peptide scanning libraries of
PapA sequences in 7-mer and 12-mer formats, which were shifted by 3 amino
acid residues between neighboring peptides, were prepared by the SPOT syn-
thesis technique (U. Reineke, D. Kurzhals, A. Kohler, C. Blex, J. McCarthy, P.
Li, L. Germeroth, and J. Schneider-Mergener, abstract from the Proceedings of
the 26th European Peptide Symposium, abstr. P327, 2000), conjugated to ami-
nobenzoic acid at the amino terminus, linked (carboxyl terminus) to continuous
cellulose membranes (ProteaseSpots), and assayed by Jerini AG (Berlin, Ger-
many). Purified DegP was prepared as described above and assayed (0.28 mg/ml)
in a 96-well microplate format, using 20 mM phosphate buffer (pH 7)–5 mM
MgCl2. At 1, 4, and 28 h, aliquots were removed from the assay plate and
quantified for liberated fluorescence (excitation, 325 nm; emission, 420 nm).

Peptide cleavage assay. The following three peptides were used in the fluo-
rescence-proximity peptide cleavage assay: SPCJ-12 [Abz-HYTAVVKKSSAV-
DAP(Dnp)-NH2], SPCJ-13 [Abz-HYTAVVK-DAP(Dnp)-NH2], and SPCJ-14
[Abz-HYTASSK-DAP(Dnp)-NH2], where Abz, the fluorescent group, is amino-
benzoic acid and DAP(Dnp)-NH2, the quench group, is diaminopropionamide
2,4-dinitrophenyl. The peptides were used in the assay at concentrations ranging
from 2 �M to 10 �M. DegP was added into the assay at concentrations ranging
from 0.5 to 5 �g. The assay buffer consisted of 25 mM HEPES (pH 7.5)–5 mM
CaCl2. The cleavage reactions were incubated at 45°C and read in a Wallac
Victor2V 1420 multilabel HTS counter (Wallac Oy, Turku, Finland) at 30-min
intervals. Fluorescence detection utilized excitation at 340 nm, and emission was
monitored at 420 nm.

Cleavage site mapping. Purification of peptides and products of the cleavage
reaction was performed on a C18 5� ST 4.6/250 Sephasil column (Amersham
Pharmacia Biotech), with a gradient to 100% acetonitrile–0.05% trifluoroacetic
acid. Lyophilized cleavage reactions (5 ml) were resuspended in 2% acetonitrile–
0.065% trifluoroacetic acid for application to the C18 column. Fractions contain-
ing peptide and cleavage products were lyophilized to dryness and mass was
determined by matrix-assisted laser desorption ionization–time of flight (mass
spectrometry) (MALDI-TOF MS). MALDI analysis was conducted using a 5-
mg/ml solution of the matrix �-cyano-4-hydroxycinnamic acid (HCCA) in 0.1%
trifluoroacetic acid–33% acetonitrile. Analyte was mixed with the matrix at a
ratio of 1:3. Spectra were produced using a custom-built MALDI-TOF mass
spectrometer.

Other methods. Proteins were prepared for sequencing by transfer to polyvi-
nylidene difluoride membrane as previously described (8, 44) and delivered to
Midwest Analytical Inc. (St. Louis, Mo.) for amino-terminal sequence determi-
nation. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blot analysis were performed as previously described (8, 44). Tox-
icity assays were performed as previously described (19). The EnzChek assay kit
(Molecular Probes, Eugene, Oreg.) was used according to the manufacturer’s
instructions and read using a Tecan SpectraFluor Plus (Research Triangle Park,
N.C.) apparatus with the appropriate filter sets.
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RESULTS

Construction and purification of PapA-6H4A. A significant
obstacle to the study of chaperone-mediated pilus biogenesis is
the inability to purify pilin subunits in the absence of the
periplasmic chaperone. This handicap can be overcome, in
part, by inactivation of the DegP protease (1). Using the
method of Morrison and Desrosiers (31), a sequence encoding
a polyhistidine affinity tag (6-His tag) was inserted into the
papA gene. By taking advantage of MAC under denaturing
conditions, the pilin subunit was stably expressed and purified
(data not shown). As with wild-type PapA, the PapA-6H4A
protein was toxic when induced in the absence of the PapD
chaperone (19). The toxicity of PapA-6H4A was suppressed by
coexpression of papD or degP in trans (data not shown).

In order to purify sufficient PapA for the planned experi-
ments, PapA-6H4A was synthesized in the presence of the
PapD chaperone in KS474 (degP::kan) (19). The PapD-PapA
complex was purified from whole periplasm on MAC in batch,
followed by a denaturing step to remove PapD (see Materials
and Methods).

Purification of DegP protease. DegP was purified from
KS272/pKS17 (51) following overnight (15 to 20 h) growth to
saturation, which was sufficient to induce high-level expression
of DegP. Whole periplasm prepared from 6 liters of culture
was fractionated by cation exchange chromatography on SP
Sepharose (HiTrap SP; Amersham Pharmacia Biotech) fol-
lowed by hydrophobic interaction chromatography on butyl

Sepharose (HiTrap butyl; Amersham Pharmacia Biotech) (Fig.
1A). This two-step purification process resulted in approxi-
mately 98%-pure DegP protease. The contaminating bands
seen on SDS-PAGE analysis, as shown in Fig. 1A (small ar-
rows), were identified as DegP truncates by amino-terminal
sequence analysis and presumably result from autocatalytic
cleavage (data not shown).

Assay of protease activity. A commercially available pro-
tease assay, EnzChek (Molecular Probes), was used to test
cleavage activity of the DegP preparations on a casein sub-
strate. DegP activity with casein was previously described by
Lipinska et al. (29). Peak cleavage activity on the EnzChek
substrate followed the elution profile of DegP through both
chromatography steps (data not shown). Figure 1B shows a
titration of purified DegP protease and trypsin on the casein
substrate.

Soluble PapA cleavage assay. Previous studies of DegP
cleavage activity indicate that the preferred substrates were
denatured, aggregated, or unfolded proteins (20, 22, 33). To
provide DegP with a suitable substrate for cleavage in a soluble
format, PapA-6H4A was denatured with 6 M guanidine-HCl,
reduced and carboxymethylated (PapA-6H4A-rcm), and dia-
lyzed into 20 mM Tris (pH 8.5). PapA-6H4A-rcm was mixed
with DegP and incubated at 45°C overnight, and the resulting
reaction products were resolved on SDS-PAGE and further
visualized by Western blotting using antisera prepared against
whole Pap pili (Fig. 2). As seen in Fig. 2, lane 4, PapA-6H4A-

FIG. 1. Purification of DegP. (A) Periplasm prepared from 30 g of cells was applied to a 5-ml HiTrap SP column (Amersham Pharmacia
Biotech) and eluted with a linear salt gradient. Peak fractions from the cation exchange fractionation were pooled, brought to 0.5 M ammonium
sulfate, and applied to a HiTrap HIC butyl column (Amersham Pharmacia Biotech). The flow-through fraction is shown in lane 2, and a portion
of the gradient elution is shown in lanes 3 to 6. DegP eluted in approximately 0.3 M NaCl, as shown in lanes 4 to 6. The small arrows indicate
truncated forms of DegP, all of which were identified by amino-terminal sequencing (unpublished data). Lane 1 contains high-molecular-weight
markers. (B) In vitro protease assay. The pooled peak HIC butyl fractions were checked for general protease activity on a commercial casein
substrate. The EnzChek assay kit (Molecular Probes) uses a sensitive fluorescein-labeled casein substrate that is internally quenched until cleaved.
The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene signal is read following excitation at 485 nm and monitoring emission at 530 nm. DegP (1.7 mg/ml)
was incubated with the substrate according to the manufacturer’s instructions and read after 1 h in a plate fluorometer (SpectraFluor Plus; Tecan).
Trypsin (1 mg/ml) was used as a control.
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rcm forms polymers (or aggregates) that are stable in SDS in
addition to the 21-kDa monomer. Both forms of PapA-6H4A-
rcm are sensitive to degradation by DegP protease (Fig. 2,
lanes 3 and 5).

Previous reports have described several different buffer sys-
tems suitable for monitoring DegP proteolytic activity (20, 22,
29, 48). Divalent cation (Mg2�) was reported to be required in
some systems (20). Addition of 5 mM MgCl2, MnCl2, or CaCl2
(Fig. 3 and data not shown) stimulated DegP cleavage of
PapA-6H4A-rcm. Moreover, addition of EDTA to the cleav-
age reaction inhibited cleavage activity (Fig. 3; compare lanes
3 to 5 and 7 to 10).

Activation of DegP by a carboxyl-terminal pilin subunit
peptide. The DegP protease has two so-called PDZ domains
(postsynaptic density 95, discs large, ZO-1) located down-
stream of the catalytic serine residue (33). PDZ domains have
been implicated in both substrate recognition and protein mul-
timerization in a number of proteins (26, 40, 46). The carboxyl-
terminal motif of pilin subunits has some homology to the
motif reportedly recognized by PDZ domains (26, 46). We
hypothesized that titration of the carboxyl-terminal peptide
from the PapG adherence protein (SPCJ-1; KSMCMKLSFS)
into the DegP cleavage reaction would inhibit cleavage of the
PapA-6H4A-rcm protein through competition for the sub-
strate-binding site in the PDZ domain. Much to our surprise,
addition of SPCJ-1 to the cleavage reaction enhanced degra-

dation of PapA-6H4A-rcm 10- to 20-fold (Fig. 3 and data not
shown).

Identification of DegP recognition sites within PapA by pep-
tide scanning. Utilizing SPOT synthesis technology (Reineke
et al., 26th European Peptide Symposium, 2000) (Protease-
Spot; Jerini AG), two overlapping peptide scanning libraries of
the complete PapA amino acid sequence were constructed and
assayed to identify 7-mer and 12-mer peptides that were suit-
able substrates for DegP proteolysis (Fig. 4). The peptides
carried an aminobenzoic acid (Abz) fluorescent tag at the
amino terminus and were synthesized linked to a cellulose
membrane. In both the 7-mer and the 12-mer ProteaseSpot
scans, three regions of PapA were identified as having se-
quences cleavable by DegP, as represented by enhanced re-
lease of fluorescent counts from the cellulose-bound peptides.

Peptide cleavage assay. In order to establish a soluble pep-
tide cleavage assay to monitor DegP protease activity, the most
efficiently cleaved region, represented by the sequence HYTA
VVKKSSAV, was used as a model substrate and a peptide,
SPCJ-12, was prepared for use in a fluorescent-quench detec-
tion assay. SPCJ-12 was prepared with an aminobenzoic acid
(Abz) group, the fluorescent moiety, on the amino terminus
and a diaminopropionamide 2,4-dinitrophenyl [DAP(Dnp)-
NH2] group, the quench moiety, on the carboxyl terminus. As
shown in Fig. 5A, DegP cleaved SPCJ-12 in a time-dependent
fashion. To further narrow the recognition sequence and de-
fine the determinants of cleavage, two additional peptide re-
agents, SPCJ-13 and SPCJ-14, were prepared. SPCJ-13 has the
sequence HYTAVVK (the first 7 residues of SPCJ-12),
whereas SPCJ-14 has the sequence HYTASSK. The double
serine replacement was utilized to test the essentiality of the
paired hydrophobic residues in SPCJ-13. As shown in Fig. 5B,
DegP cleaved SPCJ-13 in a time-dependent fashion; however,
SPCJ-14 was not cleaved. In order to gain insight into the

FIG. 2. In vitro DegP cleavage assay. Reduced and carboxymethy-
lated PapA-6H4A (PapA-6H4A-rcm) was mixed with DegP in 20 mM
Tris (pH 8) and incubated overnight at 45°C. The reaction mixtures
were resolved on SDS-PAGE, transferred to polyvinylidene difluoride
membrane, and developed with a polyclonal antibody raised against
whole P pili. PapA-6H4A-rcm (lanes 2 and 3, 0.25 �g; lanes 4 and 5, 0.5
�g) was incubated in the presence (lanes 3 and 5) and absence (lanes
2 and 4) of approximately 50- and 100-fold molar excess of DegP (lanes
3 and 5, respectively). The large arrowhead indicates a PapA aggregate
in lane 4. Densitometric quantification of the cleaved PapA-6H4A
band indicated that DegP cleaved 84% of the input protein (compare
lanes 2 and 3) and nearly 100% of the aggregate band and 49% of the
monomer in lane 5. Lane 1 contains DegP alone as a control. Some
cross-reactivity between the PapA antisera and DegP was seen in the
blot.

FIG. 3. DegP cleavage of PapA-6H4A substrate is inhibited by
chelating agent and stimulated by addition of a noncleavable peptide,
SPCJ-1. DegP (5 �g) was incubated with carboxymethylated PapA-
6H4A (40 �g) in 20 mM Tris (pH 8)–5 mM MgCl2 in the presence of
200 �M SPCJ-1. EDTA (10 mM) was added to the reaction mixtures
loaded in lanes 7 to 10. Aliquots were taken at the indicated time
points (0, 1, 2, and 4 h), and the reaction was stopped by the addition
of SDS loading buffer and incubation on ice. The reaction mixtures
were resolved on SDS-PAGE and stained with Coomassie brilliant
blue. An untreated sample (unt) was run in lane 6 as a reference. The
�12-kDa cleavage product (lanes 3 to 5 and 10) is indicated by the
arrow. In excess of 50% of input PapA-6H4A was degraded in 60 min,
and 90% was degraded at the 4-h time point.
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failure of DegP to cleave the double serine replacement pep-
tide, we set up an inhibition assay to see if SPCJ-14 could block
cleavage of SPCJ-13. Such a result would suggest that DegP
still recognized SPCJ-14 but could not cleave the peptide. As
shown in Fig. 5C, when added in 10-fold molar excess, SPCJ-14
blocked cleavage of SPCJ-13. Lastly, addition of the noncleav-
able peptide, SPCJ-1, to the peptide cleavage assay enhanced
cleavage of SPCJ-13 (Fig. 5D). This finding supports that seen
with the whole protein cleavage assay (Fig. 3).

In order to map the precise cleavage sites in SPCJ-12 and
SPCJ-13, the reaction products of the cleavage reactions were
resolved on reverse-phase high-pressure liquid chromatogra-
phy (RP-HPLC) using a C18 Sephasil column (Fig. 6A). Un-
treated SPCJ-13 had a retention volume of 53.06 ml (data not
shown), whereas after cleavage, a single new peak was seen
with a retention volume of 45.72 ml and the 53.06-ml peak was
greatly diminished (Fig. 6A). The mass of the material in the
new peak was determined by MALDI-TOF MS analysis. The
new peak contained two species having masses [VK-DAP
(Dnp)-NH2 � 480.59 Da; Abz-HYTAV � 708.99 Da] consis-
tent with cleavage between the paired valine residues in the
peptide (Fig. 6B). As a confirmation, the cleavage site in
SPCJ-12 was also mapped by MALDI-TOF MS, and again it
was demonstrated that DegP cleaved between the paired va-
line residues (data not shown).

DISCUSSION

The degradation and clearance of misfolded and/or misas-
sembled proteins in the cytoplasm and periplasm are essential
for vigorous growth of bacteria (12, 25, 33). In the periplasm of
E. coli and most gram-negative organisms, this task falls to the
DegP protease (33). When a functional copy of degP is absent,
bacteria fail to grow at high temperature (29, 33). Moreover,
recent data show that in addition to compromising growth at
high temperature, degP null mutants are more sensitive to
oxidative stress and are also avirulent (2, 9, 10, 27, 33–35, 39,
52, 53). The current model suggests that the oxidative response
of the host to an invading pathogen results in oxidative dena-
turation of proteins in the periplasm. In several recently de-
scribed animal models of infection (2, 9, 10, 27, 33–35, 38, 52,
53), the inability of a degP mutant strain to clear or refold
denatured protein placed a sufficient burden on the pathogen
to result in a reduction in virulence.

In keeping with this model, the preferred substrate for DegP
appears to be proteins that are globally or transiently dena-
tured, supporting the hypothesis that its role in vivo is to
remove misfolded or denatured proteins from the periplasm
(22). Kolmar et al. (22) demonstrated that DegP would cleave
slow-folding mutants of 	 repressor and Arc repressor and that
the cleavage site P1 residue was a hydrophobic residue, most

often a valine. These data support the hypothesis, since the
hydrophobic cleavage site would be unavailable in properly
folded proteins. Therefore, the recognition site for DegP sub-
strates would be exposed when the proteins went off pathway
or were denatured due to an environmental insult. Although
an attractive model, this study was hampered by the fact that
neither protein used is a periplasmic protein. In support of this
finding, however, Laskowska et al. (25) demonstrated in vitro
that purified DegP protein would degrade thermally aggre-
gated proteins fractionated from E. coli extracts. Moreover,
they showed that the DnaJ chaperone would antagonize DegP
degradation; i.e., the chaperone would aid in refolding the
proteins such that they were no longer targets for degradation
by DegP.

We have clearly demonstrated that the PapA pilin from the
pyelonephritis-associated pilus (Pap) is an in vitro target for
DegP. Using an amino-terminal polyhistidine affinity tag cou-
pled with denaturing MAC, sufficient PapA-6H4A could be
purified away from the periplasmic chaperone, PapD, for im-
plementation in a soluble cleavage assay. DegP protease was
purified by standard chromatographic means (Fig. 1) and
showed proteolytic activity with both a casein substrate and
denatured, reduced, and carboxymethylated PapA-6H4A (Fig.
1 and 3). DegP cleavage activity with PapA-6H4A that had not
been reduced and carboxymethylated was minimal by compar-
ison to its activity with PapA-6H4A-rcm (data not shown).
However, defining the precise “folded state” of PapA lacking
complex formation with PapD or assembly into the pilus is a
difficult proposition. Recent cocrystallization studies have re-
vealed that pilin subunits have an incomplete immunoglobulin
fold due to the absence of a seventh carboxyl-terminal strand,
which is needed to complete a beta sheet in the native fold (5,
41). During pilus biogenesis, this missing strand is provided by
either the periplasmic chaperone or the neighboring pilin sub-
unit through donor strand complementation or donor strand
exchange, respectively (5, 41). How the folded state of PapA-
6H4A, when denatured, reduced, and carboxymethylated, re-
lates to the unfolded or final folded state is unknown.

An amino-terminal truncate of the cleaved PapA was iden-
tified using the denatured substrate on the affinity resin as well
as in the soluble cleavage assay, suggesting that one site of
cleavage was near the middle of the protein (Fig. 3 and data
not shown). To further define the specificity of DegP cleavage
and to map the cleavage sites within PapA, an overlapping
peptide scan was utilized (ProteaseSpot; Jerini AG) (Reineke
et al., 26th European Peptide Symposium, 2000). Treatment of
both scanning libraries (7-mer and 12-mer) (Fig. 4) with DegP
pointed to three regions of PapA that had enhanced cleavage
by DegP in the solid-phase assay. Interestingly, the cleavable
regions identified by this analysis all lie within or proximal to
beta strands and are in highly conserved regions of pilin sub-

FIG. 4. Identification of the DegP protease cleavage site in PapA. SPOT synthesis technology was used to construct two overlapping peptide
libraries (7-mer and 12-mer formats) of the PapA sequence. The peptides were synthesized linked to a continuous cellulose membrane
(ProteaseSpots) and had a fluorescent tag, aminobenzoic acid (Abz), conjugated to the amino terminus. The ProteaseSpots were assayed in a
96-well format with 0.28 mg of DegP/ml in 20 mM PO4 (pH 7.5)–5 mM MgCl2. The data presented are those of the liberated fluorescence
(excitation, 325 nm; emission, 420 nm), following 28 h of incubation. The data show relative levels of cleavage for each of the peptides in the 7-mer
(A) and 12-mer (B) libraries. AA, amino acid.
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unit proteins (see Fig. 4 in reference 47). The scanning results
were verified for the carboxyl-terminal-most peptide sequence,
SPCJ-12 (HYTAVVKKSSAV), as well as the shorter version,
SPCJ-13 (HYTAVVK), in a soluble cleavage assay utilizing a
fluorescence quench assay system (Fig. 5). The specificity of
cleavage of this sequence was further defined using the control
peptide, SPCJ-14 (HYTASSK), which challenged the protease
to cleave the peptide lacking the paired valine residues. The
lack of cleavage of SPCJ-14 is in agreement with previously
reported studies from the Sauer laboratory that showed that
the P1 residue of model DegP substrates was most often a
valine residue (22). Moreover, SPCJ-14 effectively competed
for cleavage of SPCJ-13 in an inhibition assay, suggesting that
DegP still recognizes the mutant substrate although the sub-
stituted polar residues block cleavage. Of the other sequences

identified by the peptide scanning, LDIELVNCDITA,
ELVNCDI, KLAFTGPIVNGH, FTGPIVNGHSDE, TLKDG
ENVLHYT, DGENVLH, and NVLHYTA also have paired
hydrophobic residues (italics); however, the NGHSDEL se-
quence does not follow this pattern. These peptides have yet to
be tested in the soluble cleavage assay system or confirmed
with control sequences. Clearly, peptide structure, in addition
to sequence, has a role to play in recognition by DegP, as can
be seen in several instances in which neighboring peptides,
which shared partial sequence, were not equivalently cleaved
in the solid-phase ProteaseSpot assay (Fig. 4). An additional
factor to be considered is the solid-phase presentation of the
peptides in the ProteaseSpot system, which may sterically
block cleavage of some of the peptides.

Precise cleavage site mapping was carried out with one of

FIG. 5. In vitro peptide cleavage assay. (A) SPCJ-12 (8 �M) was incubated with and without 5 �g of DegP in reaction buffer (25 mM HEPES
[pH 8], 5 mM CaCl2) for the indicated times.(B) SPCJ-13 and SPCJ-14 (10 �M) were incubated with and without 5 �g of DegP in reaction buffer
for the indicated times. (C) Inhibitory activity of SPCJ-14 was demonstrated by preincubating DegP (5 �g) with 10 or 100 �M SPCJ-14 for 30 min
and then adding 10 �M SPCJ-13 and continuing the incubation for 60 min. (D) SPCJ-13 was incubated with and without 5 �g of DegP in reaction
buffer. To test the stimulatory effect of SPCJ-1, 200 �M peptide was added at the onset of the incubation. Assays were monitored (excitation, 340
nm; emission, 420 nm) at the indicated times in a Victor2 V (Wallac Oy) plate reader.
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the mapped cleavage sites by RP-HPLC and MALDI-TOF MS
(Fig. 6). Mapping of the cleavage site in both the 12-mer
peptide (SPCJ-12) and the 7-mer peptide (SPCJ-13) revealed
that cleavage occurred between the paired valine residues in
the sequence. This result is supported by those of earlier stud-
ies of Kolmar et al. (22), in which slow-folding variants of Arc
repressor and the N-terminal domain of the 	 repressor were
used as in vitro DegP substrates (22). These investigators
mapped several cleavage sites in each protein and demon-
strated that the P1 residue was preferentially a hydrophobic
residue with a 
-branched side chain (e.g., valine or isoleu-
cine). A preference for residues at the P1� position was not
defined by Kolmar et al. (22). We have not tested substitutions
exclusively at either the P1 or the P1� position. Clarification of
the sequence requirements for DegP cleavage will require fur-
ther substitution analysis of the SPCJ-13 peptide as well as
cleavage site mapping within the other mapped cleavage sites
in PapA.

The PapA cleavage fragment (�12 kDa) discovered in the
solution assay (Fig. 3) was identified as an amino-terminal
fragment of PapA by amino-terminal sequencing. This cleav-
age product most likely results from cleavage at one of the
upstream sites (LDIELVNCDITA or FTGPIVNGHSDE), al-
though this has yet to be confirmed, and cleavage of a peptide
bearing either sequence has not been evaluated in the solution
assay. The cognate carboxyl-terminal cleavage product of
PapA was not identified on gels, as additional cleavage at
downstream sites may have resulted in products below the
resolution limit of our SDS-PAGE system.

In terms of substrate recognition, Songyang et al. (46) re-
cently defined a carboxyl-terminal motif in target proteins rec-
ognized by PDZ domains. As implied by this finding, PDZ
domains in bacterial proteases may recognize a sequence that
signals a misfolded state of the protein that differs from that of
the protease cleavage site. The most striking feature of the

motif identified by Songyang et al. (46) is a conserved residue
(threonine, serine, or tyrosine) at the �3 position (�60% of
sequences identified) and a highly conserved (�80%) hydro-
phobic carboxyl-terminal residue (valine, isoleucine, or
leucine). Interestingly, an alignment of the carboxyl terminus
of 44 pilin subunits revealed that the �3 position was often
(�50%) a serine, threonine, or tyrosine (47). Bacterial pili,
such as Pap pili, assembled by the chaperone-usher assembly
pathway were recently divided into two families, based on
structural and sequence features: namely, the so-called FGS
and FGL subfamilies (16). In the FGL subfamily, the conser-
vation at the �3 position (serine, threonine, or tyrosine) is
greater than 80%. Our initial results with SPCJ-1 (KSMC
MKLSFS), which conforms to the carboxyl-terminal 10 resi-
dues of PapG, suggests that the PDZ domains in DegP play a
role in substrate recognition through an interaction with the
carboxyl-terminal sequence. Addition of SPCJ-1 and not of an
irrelevant peptide (data not shown) enhanced the cleavage
activity of the protease (Fig. 3 and 5). Whether the noncleav-
able peptide (SPCJ-1) stimulates multimerization of DegP, the
multimer is the proposed active state of the enzyme (22, 33,
40), or it represents a signal that unfolded substrate is present
and activates DegP through another mechanism is unclear. As
described in detail in two recent papers (5, 41) and as sup-
ported by earlier genetic data (3, 14, 24, 44, 47, 55), the car-
boxyl terminus of pilin subunits is an integral component of the
recognition site for chaperone-subunit complex formation. As
discussed briefly above, the lack of the carboxyl-terminal sev-
enth strand of the immunoglobulin fold results in a deep
groove on the surface of the pilin that exposes the hydrophobic
core. One edge of this groove is lined by the carboxyl-terminal
beta strand of the pilin (the F strand) (see references 5 and 41
for a complete discussion). During donor strand complemen-
tation, the chaperone donates its G strand to complete the
immunoglobulin fold of the pilin. The donated G strand com-

FIG. 6. Mapping DegP cleavage site in substrate peptides. (A) RP-HPLC was employed to resolve products of a scaled-up (5 ml) cleavage
reaction. The peak at 45.72 ml (actually two peaks that showed absorbance at 215 nm, 340 nm, and 420 nm) (data not shown) was lyophilized to
dryness, and the substituents were identified by MALDI-TOF MS. (B) The single peak contained two species resulting from cleavage of the
peptide. The first species had a m/z of 480.59, corresponding to VK-DAP(Dnp)-NH2, while the other species had a m/z of 708.99, corresponding
to Abz-HYTAV. This analysis was repeated using the SPCJ-12 peptide (12-mer) and mapped the same cleavage site (data not shown).
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pletes the hydrophobic core of the pilin through interactions
with both sides of the groove. Both genetic data and molecular
modeling support the model that the carboxyl terminus of pilin
subunits, the F strand, is a part of the pilin-pilin interface that
drives pilus assembly (3, 5, 14, 41). Therefore, this motif would
rarely be exposed to the solvent. The exposure of this motif, in
the event of misfolding or misassembly, would signal the need
for either a chaperone to catalyze refolding or a protease to
degrade the protein.

These studies illustrate the mechanism by which the major
periplasmic protease, DegP, cleaves misfolded pilin subunits
and may relate to the general proteolytic pathway for DegP
substrates. DegP’s role in the pathogenesis of both gram-neg-
ative and gram-positive pathogens provides the impetus to
develop assays suitable for high-throughput screening and the
identification of small molecule inhibitors of this important
virulence target. The described studies pave the way for the
development of a novel class of anti-infectives developed
against the DegP protease.
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