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Escherichia coli is a common Gram-negative organism that causes bacteremia. Prc, a bacterial periplasmic protease, and its ho-
mologues are known to be involved in the pathogenesis of Gram-negative bacterial infections. The present study examined the
role of Prc in E. coli bacteremia and characterized the ability of the prc mutant of the pathogenic E. coli strain RS218 to cause
bacteremia and survive in human serum. The prc mutant of RS218 exhibited a decreased ability to cause a high level of bacter-
emia and was more sensitive to serum killing than strain RS218. This sensitivity was due to the mutant’s decreased ability to
avoid the activation of the antibody-dependent and -independent classical complement cascades as well as its decreased resis-
tance to killing mediated by the membrane attack complex, the end product of complement system activation. The demonstra-
tion of Prc in the evasion of classical complement-mediated serum killing of pathogenic E. coli makes this factor a potential tar-
get for the development of therapeutic and preventive measures against E. coli bacteremia.

Escherichia coli is one of the most common Gram-negative or-
ganisms that cause bacteremia (35). The mortality and mor-

bidity associated with E. coli bacteremia and sepsis remain sub-
stantial (23, 24, 35). This is due mainly to our incomplete
understanding of the microbial factors contributing to bacteremia
and the underlying mechanisms by which the pathogen causes
bacteremia. Thus, the identification and characterization of bac-
terial factors that contribute to the survival of E. coli in the blood-
stream are critical for an understanding of the pathogenesis of E.
coli bacteremia as well as the development of preventive and ther-
apeutic interventions against this disease.

Prc (also named Tsp) and its homologues are bacterial factors
shown to be involved in the pathogenesis of several Gram-nega-
tive bacterial infections. The Prc of Salmonella enterica serovar
Typhimurium as well as the Prc homologue CtpA of Brucella suis
and Burkholderia mallei have been shown to be required for the
survival of these pathogens within macrophages and for full viru-
lence in mice (3–5, 11). However, the role of Prc in the pathogen-
esis of E. coli infection remains to be elucidated. Prc, originally
identified in E. coli as a periplasmic protease, has been shown to be
responsible for the C-terminal processing of a periplasmic pro-
tein, penicillin-binding protein 3 (PBP-3), in E. coli and to selec-
tively degrade proteins with nonpolar C termini in vitro (16, 21,
22, 37). In addition, E. coli with an inactivated prc gene exhibits
periplasmic protein leakage suggestive of increased outer mem-
brane (OM) permeability (16), which may be responsible for the
mutant’s growth defect under conditions of osmotic stress (low
osmolarity) at 42°C and its increased susceptibility to multiple
antibiotics (16, 36). In this study, we demonstrate a new function
of Prc in pathogenic E. coli, namely, its involvement in the bacte-
rium’s evasion of complement attack.

To cause bacteremia, pathogenic bacteria must escape from
serum killing, which is mediated mainly by the complement sys-
tem. The activation of the complement cascade in serum can be

triggered by the classical, alternative, and mannose-binding lectin
(MBL) pathways (45). These pathways converge at the action of
depositing the C3 derivative C3b onto the target pathogens, lead-
ing to the activation of the common terminal complement path-
way and the formation of the membrane attack complex (MAC),
which results in the killing of the pathogen. The activation of the
classical complement pathway is initiated by the deposition of a
complement component, C1q, onto the surface of target bacteria.
C1q deposition could be antibody dependent or independent; i.e.,
C1q deposition can occur through C1 binding to the Fc portion of
the antibody, which binds to the antigen on the bacterial surface,
or C1q can bind directly to the bacterial surface.

In the present study, we report that Prc is involved in E. coli
evasion of serum killing that is mediated by the classical comple-
ment pathway, resulting in a high level of bacteremia. This finding
suggests that Prc is a potential target for the prevention and ther-
apy of invasive diseases caused by E. coli.

MATERIALS AND METHODS
Bacterial strains. E. coli K1 strain RS218 (O18:K1:H7) is a cerebrospinal
fluid isolate from a neonate with meningitis (2, 38). The spontaneous
streptomycin-resistant mutant of RS218 and its derivatives were used in
this study (Table 1). The prc and lacZ deletion mutants of RS218 were
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constructed by a PCR-based method described previously (9). Primers
NK-prc-F and NK-prc-R were used for the prc deletion, while NK-lacZ-F
and NK-lacZ-R were used for the lacZ deletion (Table 1).

Human sera, rabbit OmpA antiserum, C1q, IgG, IgM, and C3b. The
normal human serum (NHS) used in this study was pooled from the sera
of 10 healthy adults and stored in aliquots at �80°C. Heat-inactivated
NHS (HI-NHS) was prepared by heating NHS at 56°C for 30 min. The
C1q-depleted and factor B-depleted sera and human IgG and IgM were
purchased from Calbiochem (Darmstadt, Germany), and purified C1q
and C3b were purchased from Complement Technology, Inc. (Tyler, TX).
To prepare the MBL pathway-inhibited serum, NHS was treated with 100
mM mannose (31). The rabbit OmpA antiserum was described previously
(43).

The procedures for the collection of human serum were approved by
the Institutional Reviewer Board (IRB) of National Cheng Kung Univer-
sity Hospital, Tainan City, Taiwan (approval no. ER-98-143). Informed
consents were obtained from healthy volunteers according to the relevant
guidelines of the IRB.

Preparation of the IgG/IgM double-depleted serum. One milliliter of
60% NHS diluted with phosphate-buffered saline (PBS) was incubated
with 600 �l of anti-human IgM agarose (Sigma-Aldrich, St. Louis, MO) at
4°C for 1 h. The resulting serum was then incubated with 600 �l of re-
combinant protein G-Sepharose (Invitrogen, Grand Island, NY) at 4°C
for 1 h. More than 90% of the IgG and IgM was removed in the double-
depleted serum based on Western blot analyses (data not shown).

Mouse serum and mouse model of E. coli bacteremia. Normal mouse
serum (NMS) was collected from 8-week-old BALB/c mice. Heat-inacti-
vated NMS (HI-NMS) was prepared by heating NMS at 56°C for 30 min.

E. coli bacteremia was induced in 8-week-old BALB/c mice by the
intraperitoneal injection of 2 � 107 CFU/mouse. For coinfections, each
mouse was inoculated with a mixture of equal numbers (1 � 107 CFU) of
two bacterial strains. The two bacteria in the blood were differentiated by
colors (blue and white) after cultivation on LB agar containing 0.5 mM
IPTG (isopropyl-�-D-thiogalactopyranoside) and 20 �g/ml X-Gal (5-
bromo-4-chloro-3-indolyl-�-D-galactopyranoside). The lower detection
limit of these experiments was 33 CFU/ml of blood. Thus, for statistical
analysis, this value (33 CFU/ml) was assigned to blood samples with un-
detectable bacterial counts.

All of the experimental procedures involving animals adhered to the
rules of the Animal Protection Act of Taiwan and were approved by the
Institutional Animal Care and Use Committee (IACUC) of National
Cheng Kung University, Tainan City, Taiwan (approval no. 99228). All

surgery was performed under chloral hydrate anesthesia, and all efforts
were made to minimize any suffering.

Serum survival assay. E. coli cells used in these assays were obtained
from cultures grown overnight for 16 h in LB medium. The bacteria (1 �
106 CFU) were incubated at 37°C in 100 �l of 60% serum diluted with
PBS. After different lengths of time, the survival of the bacteria was deter-
mined by culturing on LB agar. For coincubation experiments, a mixture
of two bacterial strains, each at 5 � 105 CFU, was incubated in 100 �l of
60% NHS. The two E. coli strains were differentiated as described above
for the mouse coinfection experiments. Because it was reported previ-
ously that the process used to delete complement components in serum
may chelate calcium and magnesium irons, which are the ions required
for the activation of the complement system (1), the C1q-depleted and
factor B-depleted sera (Calbiochem) were supplemented with 5 mM
CaCl2 and 2 mM MgCl2 and then diluted with PBS.

For the serum survival assays with inhibitor peptide treatment, the
inhibitor peptide (GRGYALAA), which was synthesized on an automatic
peptide synthesizer, was purchased from Kelowna International Scien-
tific, Inc. (Taipei City, Taiwan). The peptide was dissolved in PBS before
incubation with bacteria. The bacteria were grown in 2 ml LB medium
containing 300 �M peptide for 16 h at 37°C. In the serum survival assays,
the bacteria were incubated in serum containing 300 �M peptide.

Flow cytometry analysis. E. coli cells (3 � 107 CFU) were incubated at
37°C in 100 �l of 40% NHS diluted with Veronal buffer (Lonza, Walkers-
ville, MD) or in 100 �l of Veronal buffer containing 25 �g/ml of C1q
protein for different time periods. After 3 washes with PBS, the bacteria
were incubated with antibodies against the MAC (rabbit IgG from Abcam,
Cambridge, MA), C1q (goat IgG from Calbiochem), C4bp (sheep IgG
from Abcam), IgG (goat IgG from Calbiochem), or IgM (rabbit IgG from
Abcam) at room temperature for 30 min, followed by 3 washes with PBS.
The primary-antibody-labeled bacteria were then incubated with their
corresponding fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies for 30 min at room temperature, followed by 3 washes with
PBS. To determine the deposition of C3b, an FITC-conjugated anti-C3
antibody (Abcam) was used according to the above-mentioned protocol,
without secondary antibody treatment. The surface deposition of the
molecules was analyzed with a FACSCalibur flow cytometer (Becton
Dickinson).

Purification and quantification of outer membrane proteins. The
outer membrane proteins of the E. coli strains were prepared as described
previously (43). The bacterial cells used for this experiment were obtained
from cultures grown overnight for 16 h in LB broth. The concentration of

TABLE 1 E. coli strains, primers, and plasmids used in this study

Strain, plasmid, or
primer Relevant information or sequence Reference(s)

E. coli strains
RS218 E. coli K1 RS218 isolated from the cerebrospinal fluid of a neonate with meningitis 43, 49
L346 RS218 with a lacZ deletion This study
L365 RS218 with a prc lacZ double deletion This study
�prc-RS218 RS218 with a prc deletion This study

Plasmids
pCL1920 Low-copy-no. plasmid 26, 42
pCL1920-prc pCL1920 harboring the prc gene, which is under the control of the promoter on the plasmid This study
pTR147 pTrc99A harboring a DNA fragment encoding C-terminally His6-tagged Prc 39
pTR163 pTrc99A harboring a DNA fragment encoding the C-terminally His6-tagged Prc K455A variant 39

Primers
NK-prc-F 5=-AGGCTTACCGCGTTAGCTGGCCTGCTTGCAATAGCAGGCCAGACCTTCGCCATATGAATATCCTCCTTAG-3= This study
NK-prc-R 5=-CAAGCTTCGCCAGATCGAGTGCGATATTCACCGTCTCATCCAGATAAGGAGTGTAGGCTGGAGCTGCTTC-3= This study
NK-lacZ-F 5=-GTATTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCATATCAATATCCTCCTTAG-3= This study
NK-lacZ-R 5=-GACACCAGACCAACTGGTAATGGTAGCGACCGGCGCTCAGCTGGAATTCCGTGTAGGCTGGAGCTGCTTC-3= This study
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the purified outer membrane proteins was determined by using a Pierce
BCA protein assay kit (Pierce Biotechnology, Rockford, IL) according to
the manufacturer’s instructions.

Purification and quantification of the K1 capsule and LPS. The lipo-
polysaccharides (LPSs) on the E. coli strains were purified according to
methods described previously by Kariyawasam et al. (19). Purified LPS
was analyzed by silver staining in polyacrylamide gels, as described previ-
ously (13).

The purification of the K1 capsule from E. coli was performed as de-
scribed previously by Vermeulen et al. (44), while the quantification of the
purified K1 capsule by colorimetric assays was performed as described
previously by Warren (46).

Overexpression and purification of Prc, and Prc proteolysis assays.
To overexpress and purify the Prc protease, E. coli strain DH5� trans-
formed with pTR147, which encodes C-terminally His6-tagged Prc (39),
was induced with 0.1 mM IPTG for 5 h at 37°C. The overexpressed re-
combinant protein was purified by immobilized metal affinity chroma-
tography, as described previously (39).

For the Prc proteolysis assays, 3 �g of substrate (�-casein, IgG, C1q, or
C3b) and 2 �g of Prc were incubated in 30 �l of reaction buffer (20 mM
Tris-HCl [pH 8.0]) at 37°C for 2.5 h (39). �-Casein was purchased from
Sigma-Aldrich. For the serum survival assays with the addition of the
purified Prc protease, 0.67 �g/ml of Prc was added to the mixture of the
bacteria and 60% NHS.

RNase leakage analysis. Bacterial strains were initially grown on LB
plates. After culturing overnight, isolated bacterial colonies were stab in-
oculated onto an RNase test agar plate, as described previously (34). The

RNase test agar plate was incubated at 30°C for 48 h. The leaked periplas-
mic RNase from bacteria would cause pick halos around the colonies of
the bacteria (16).

Statistical analysis. For the mouse model of E. coli bacteremia, inde-
pendent infections were analyzed by using an unpaired, nonparametric
Mann-Whitney test, and coinfection experiments were analyzed by using
a nonparametric Wilcoxon matched-pair test (27). For the remaining
experiments, Student’s t test was used. A P value of �0.05 was set as the
threshold for statistical significance.

RESULTS
The prc mutant of the pathogenic E. coli K1 strain RS218 is de-
fective in inducing a high degree of bacteremia. To determine
whether prc plays a role in E. coli bacteremia, a prc deletion mutant
was generated in E. coli K1 strain RS218. This prc mutant (�prc-
RS218) and wild-type strain RS218 (WT-RS218) exhibited similar
growths in LB broth at 37°C and 41°C (data not shown). However,
as shown in Fig. 1A and B, �prc-RS218 induced a significantly
lower level of bacteremia in mice than did WT-RS218, while trans-
complementation with prc restored the mutant’s ability to induce
bacteremia to the level of WT-RS218. When coinoculated with the
wild-type strain in mice, �prc-RS218 still exhibited a decreased
ability to survive in the bloodstream, and this defect was also re-
stored by the trans-complementation of prc (Fig. 1C and D). These
results indicated that prc contributes to the induction of a high

FIG 1 Effect of the prc deletion on the ability of E. coli to induce bacteremia. (A) Independent infections of mice with WT-RS218 and �prc-RS218. Blood counts
were enumerated at 8 h postinfection. (B) trans-Complementation of �prc-RS218 with the prc gene in independent infection experiments. pCL1920 is the empty
vector, while pCL1920-prc is the vector harboring the prc gene. (C) Coinfection of mice with equal numbers of the otherwise wild-type strain L346 (the lacZ
deletion mutant of RS218) and �prc-RS218. Blood counts were differentiated and enumerated at 8 h postinfection on LB agar containing IPTG and X-Gal. (D)
trans-Complementation of �prc-RS218 with the prc gene in coinfection experiments. Equal numbers of L365 (the lacZ prc double-deletion mutant of RS218)
harboring pCL1920 and �prc-RS218 harboring pCL1920-prc were coinoculated into mice. P values for independent infections were determined by using the
Mann-Whitney test, while those for coinfections were determined by using the Wilcoxon matched-pair test. *, P values of �0.05; **, P values of �0.01. Bars
indicate the median level of the blood bacterial count. The dotted lines indicate the lower limit of detection.
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degree of E. coli bacteremia and that the coexistence of WT-RS218
cannot restore the ability of �prc-RS218 to induce a high level of
bacteremia.

Prc is involved in E. coli resistance to serum killing. To assess
whether serum-mediated killing was responsible for the decreased
ability of �prc-RS218 to induce a high degree of bacteremia, WT-
RS218 and �prc-RS218 bacteria were incubated in normal mouse
serum (NMS) or heat-inactivated normal mouse serum (HI-
NMS), and survival was determined. �prc-RS218 exhibited a de-
creased ability to survive in NMS compared to WT-RS218 after 3
h or 4 h of incubation, while both strains showed similar abilities
to survive in HI-NMS, in which the complement system was in-
activated (Fig. 2A). We further investigated the abilities of WT-
RS218 and �prc-RS218 to survive in normal human serum
(NHS). �prc-RS218 exhibited a more dramatically decreased abil-
ity to survive in NHS than did WT-RS218 after only 15 min of
incubation, while both strains showed similar abilities to survive
in heat-inactivated normal human serum (HI-NHS) (Fig. 2B).
Moreover, trans-complementation with prc restored the ability of
�prc-RS218 to resist serum killing (Fig. 2C). When coincubated
with the wild-type strain, �prc-RS218 exhibited lower rates of
survival in NHS (Fig. 2D). These results suggested that prc is in-
volved in the resistance of E. coli to complement-mediated serum
killing and that the coexistence of WT-RS218 does not restore the
ability of �prc-RS218 to survive in NHS.

The classical complement pathway is responsible for the se-
rum killing of �prc-RS218. Because the serum killing of �prc-
RS218 occurred within 15 min of exposure to NHS (Fig. 2B), we
further investigated the role of Prc in complement-mediated se-
rum killing.

The levels of C3b and MAC deposition on bacteria reflect the
intensity of the complement activation that occurred on the bac-
teria in NHS. As shown in Fig. 3A and B (see also Fig. S1A and S1B
in the supplemental material), the levels of C3b and MAC depo-
sition on �prc-RS218 were significantly higher than those on WT-
RS218 after incubation in NHS, demonstrating that complement
activation was stronger on �prc-RS218 than on WT-RS218.

To investigate which complement pathways are responsible for
the serum killing of �prc-RS218, the survival rates of WT-RS218
and �prc-RS218 were examined and compared in factor B-de-
pleted serum and mannose-treated NHS, in which the alternative
and MBL pathways, respectively, are blocked (29, 31). The rate of
survival of �prc-RS218 was significantly lower than that of WT-
RS218 in both sera, while the survival rates of the wild-type and
mutant strains were similar in the two sera after heat inactivation
(Fig. 3C and D). These results suggest that the alternative and
MBL pathways may not play a major role in the serum killing of
�prc-RS218. Conversely, WT-RS218 and �prc-RS218 exhibited
similar survival rates in C1q-depleted human serum, in which the
classical pathway is blocked (Fig. 3E). The reconstitution of this
serum with a physiological concentration of C1q significantly de-
creased the survival rate of �prc-RS218 but not that of WT-RS218
(Fig. 3E). Taken together, these results indicated that the classical
complement pathway is mainly responsible for the serum killing
of �prc-RS218. This finding can be further corroborated by exam-
ining the level of C1q deposition on bacteria, which reflects the in-
tensity of the classical complement pathway triggered by the bac-
teria in NHS. As shown in Fig. 3F (see also Fig. S1C in the
supplemental material), �prc-RS218 exhibited significantly
higher levels of C1q deposition than did WT-RS218 in NHS, sug-

FIG 2 Effect of the prc deletion on the abilities of E. coli to resist serum killing. (A) Survival of WT-RS218 and �prc-RS218 in 60% NMS or HI-NMS. (B) Survival
of WT-RS218 and �prc-RS218 in 60% NHS or HI-NHS. (C) Survival of �prc-RS218 trans-complemented with pCL1920-prc or pCL1920 and of WT-RS218
containing pCL1920 in 60% NHS. (D) Survival of otherwise wild-type strain L346 and �prc-RS218 coincubated in 60% NHS. For all results, the data are
presented as the survival rates in the original inoculums. The data are representative of three independent experiments performed in triplicate and are shown as
the means � standard deviations.
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gesting that �prc-RS218 triggers a stronger activation of the clas-
sical complement pathway than the wild-type strain.

In addition, it is known that E. coli can recruit C4bp, a serum
regulator of the classical complement pathway, on bacterial sur-
faces to suppress the activation of the classical complement path-
way (33). However, we found that WT-RS218 and �prc-RS218
exhibited similar levels of C4bp deposition in NHS (data not
shown), suggesting that the decreased ability of �prc-RS218 to
survive in NHS is not related to the ability to recruit C4bp.

�prc-RS218 triggers classical complement activation
through both antibody-dependent and antibody-independent
mechanisms. The classical complement pathway can be initiated
through antibody-dependent and/or -independent mechanisms.
Antibody-dependent activation of the classical complement path-
way is initiated by the binding of IgG or IgM, while antibody-
independent activation is initiated by direct C1q deposition on the
bacteria. We found that �prc-RS218 exhibited significantly higher
levels of IgG and IgM binding than did WT-RS218 in NHS (Fig.

FIG 3 Interaction of WT-RS218 and �prc-RS218 with complement components in human serum. (A, B, and F) Deposition of C3b (A), MAC (B), and C1q (F)
on WT-RS218 and �prc-RS218 in NHS. The levels of deposition were measured by flow cytometry after incubation of the bacteria in 40% NHS. The data are
presented as the mean fluorescent intensity (MFI). The bacteria in the control group of the C3b deposition assay (A) were incubated in PBS instead of 40% NHS
for 15 min and stained with the FITC-conjugated anti-C3 antibody. The bacteria in the control groups of MAC (B) and C1q (F) deposition assays were stained
with the nonspecific isotypic antibodies of the corresponding primary antibodies after incubation in 40% NHS for 15 min. (C) Survival of E. coli strains after 15
min of incubation in 60% factor B-depleted human serum [FB(�)] or heat-inactivated factor B-depleted human serum [HI-FB(�)]. (D) Survival of the E. coli
strains after 15 min of incubation in 60% mannose-treated NHS [MLB(�)] or heat-inactivated mannose-treated NHS [HI-MLB(�)]. (E) Survival of E. coli
strains after 15 min of incubation in 60% C1q-depleted human serum with or without a supplement of 60% of the physiological concentration of purified C1q
(the physiological concentration of C1q is about 80 �g/ml in NHS [18]). For panels C to E, the results are presented as relative survival rates compared to the
survival rates of WT-RS218 in factor B-depleted serum, mannose-treated NHS, or C1q-depleted serum. For all of the results, the data shown are representative
of three independent experiments performed in triplicate. The results are shown as the means � standard deviations. *, P values of �0.05; **, P values of �0.01;
***, P values of �0.001.
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4A and B; see also Fig. S1D in the supplemental material), suggest-
ing that �prc-RS218 may trigger a higher level of antibody-depen-
dent activation in the classical complement pathway. In addition,
the level of serum C1q deposition on the bacteria after incubation
in NHS reflects the sum level of antibody-dependent and -inde-
pendent C1q deposition. Therefore, to measure antibody-inde-

pendent C1q deposition, the levels of C1q deposition on the bac-
teria were determined after incubation with purified C1q. As
shown in Fig. 4C (see also Fig. S1E in the supplemental material),
�prc-RS218 recruited significantly higher levels of purified C1q
than did WT-RS218, indicating that the mutant strain was able to
cause a higher level of C1q binding on the surface, without the

FIG 4 Roles of IgG, IgM, and C1q in complement-mediated serum killing. (A) Deposition of serum IgG. The levels of IgG deposition were measured by flow
cytometry after incubation of the bacteria in 40% NHS. The bacteria in the control group were stained with the nonspecific isotypic antibody of the corresponding
primary antibody after incubation in 40% NHS for 15 min. (B) Deposition of serum IgM. The levels of IgM deposition were determined by Western blot assays
of similar amounts of bacteria after incubation in 40% NHS. Because the deletion of prc did not affect the expression of the OmpA protein in E. coli (data not
shown), OmpA served as a loading control for bacteria. The levels of OmpA were determined by Western blot analysis with rabbit OmpA antiserum. (C)
Deposition of purified C1q. The levels of C1q deposition were measured by flow cytometry after incubation of the bacteria with purified C1q protein (25 �g/ml).
The bacteria in the control group were stained with the nonspecific isotypic antibody of the corresponding primary antibody after incubation in 40% NHS for
15 min. For panels A and C, the data are presented as mean fluorescent intensities. (D) Survival of WT-RS218 and �prc-RS218 after 15 min of incubation in 60%
IgG/IgM double-depleted NHS with supplementation with different concentrations of purified IgG. A concentration of 4 mg/ml of IgG is about 60% of that in
NHS (40). (E) Survival of WT-RS218 and �prc-RS218 after 15 min of incubation in 60% IgG/IgM double-depleted NHS with supplementation with anti-C1q
antibodies (10% heat-inactivated rabbit antiserum) to block direct C1q binding. For panels D and E, the data are presented as relative survival rates compared
to the survival rates of WT-RS218. All of the data shown are representative of three independent experiments performed in triplicate. The results are shown as
the means � standard deviations. *, P values of �0.01; **, P values of �0.01; ***, P values of �0.001.
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involvement of IgG and IgM. These results suggest that �prc-
RS218 triggers a higher level of classical pathway activation
through both antibody-independent and -dependent mecha-
nisms.

To further investigate the roles of IgG and IgM in the comple-
ment-mediated killing of �prc-RS218, the survival of WT-RS218
and �prc-RS218 in IgG/IgM double-depleted NHS was assessed
(Fig. 4D). After 15 min of incubation, the rate of survival of �prc-
RS218 was significantly higher in depleted NHS (65% � 4% of the
survival of WT-RS218) (Fig. 4D) than in NHS (22% � 7% of the
survival of WT-RS218) (Fig. 2B), although the rate of survival of
�prc-RS218 was still significantly lower than that of WT-RS218 in
depleted NHS. The resupplementation of purified IgG to the de-
pleted NHS decreased the survival rate of �prc-RS218 (Fig. 4D),
while it did not significantly affect that of WT-RS218 (data not
shown). The resupplementation of purified IgM in the double-
depleted NHS did not affect the survival of WT-RS218 and �prc-
RS218 (data not shown). These results indicated that IgG is likely
to be the major immunoglobulin responsible for the antibody-
dependent complement-mediated killing of �prc-RS218 in NHS.

In addition, it is known that anti-C1q antibodies are able to
block the function of C1q (17). We found that the addition of
anti-C1q antibodies to the depleted serum restored the survival of
�prc-RS218 to the level of WT-RS218 (Fig. 4E). This finding sug-
gests that the serum killing mediated by antibody-independent
C1q binding may be responsible for the lower serum survival rate
of �prc-RS218 (than that of WT-RS218) in the depleted serum
(Fig. 4D). This result, along with the data shown in Fig. 4C, indi-
cated that the activation of the classical complement pathway by
an antibody-independent mechanism also contributed to the se-
rum killing of �prc-RS218.

Prc proteolytic activity dose not damage IgG, C1q, and C3b.
Because Prc is a protease, it is possible that the Prc proteolytic
activity may directly damage antibodies and complement proteins
in NHS to facilitate the serum survival of E. coli. To assess this
possibility, we investigated whether the Prc protease cleaves IgG,
C1q, and C3b by incubating these serum components with puri-
fied recombinant Prc. However, these components were not sen-
sitive to Prc cleavage, while �-casein, which is a substrate of Prc
(39), was sensitive to degradation by the Prc protease (positive
control) (Fig. 5). We also found that the addition of the purified
Prc protease did not affect the survival of WT-RS218 and �prc-
RS218 in NHS (data not shown). These results suggest that the
proteolytic activity of Prc does not directly affect IgG or comple-
ment components to facilitate the E. coli evasion of complement-
mediated killing.

Deletion of prc changes the outer membrane protein profile
of E. coli and increases bacterial sensitivity to MAC. The com-
ponents of the bacterial envelope, including the capsule, lipopoly-
saccharides (LPSs), and outer membrane (OM) protein (OMP),
have been shown to be involved in the resistance of E. coli to
complement-mediated serum killing (32, 33). We found that WT-
RS218 and �prc-RS218 expressed similar levels of K1 capsule
(data not shown) and O18 LPS (Fig. 6A), suggesting that these two
components are not likely to be involved in the decreased ability of
�prc-RS218 to survive in serum. However, as shown in Fig. 6B,
WT-RS218 and �prc-RS218 exhibited distinct OMP profiles. In
addition, the peptide GRGYALAA was shown previously to be a
competitive inhibitor of the Prc protease in vitro (6). The incuba-
tion of WT-RS218 with the inhibitor caused this strain’s OMP

profile to change, which partially resembled the change in the
OMP profile of �prc-RS218. For example, a protein close to 70
kDa, which apparently appeared in the OM of WT-RS218 but was
undetectable in that of �prc-RS218, almost disappeared in the
OM of inhibitor-treated WT-RS218 bacteria. These results sug-
gest that the deletion of prc is likely to affect the properties of
the OM.

Because the OM is where the MAC, the final product of the
complement cascade, exerts its bactericidal effect, MAC deposi-
tion and serum survival were examined and compared between
WT-RS218 and �prc-RS218. As shown in Fig. 6C (see also Fig. S1F
in the supplemental material), the level of MAC deposition on the
mutant after 15 min of incubation with 10% NHS was similar to
that on the wild type after incubation with 80% NHS. However,
despite the similar levels of MAC deposition, the rate of survival of
�prc-RS218 in 10% NHS was decreased to 62% of the WT-RS218
survival rate in 80% NHS (Fig. 6D). This result suggests that �prc-
RS218 may be more sensitive to MAC-mediated killing than WT-
RS218.

We also found that, like the prc mutant of E. coli K-12 (16),
�prc-RS218 showed a leakage of periplasmic RNase (see Fig. S2 in
the supplemental material), suggesting that the deletion of prc
increases the OM permeability of pathogenic E. coli RS218.

The protease function of Prc is critical for the serum survival
of E. coli. We next investigated whether the protease function of
Prc contributes to the serum survival of E. coli. As shown in Fig.
7A, the preincubation of WT-RS218 with the inhibitor peptide
GRGYALAA decreased the serum survival of the bacteria in NHS
but not in HI-NHS (Fig. 7B). Preincubation with the inhibitor
peptide did not significantly affect the serum survival of �prc-
RS218 in NHS and HI-NHS (data not shown). Furthermore, the
Prc residue Lys-455 is essential for the catalytic activity of this
protease. Prc with an alanine substitution at this position has no
protease activity but still has a structure and a substrate-binding
ability similar to those of the wild-type protein (20, 39). As shown

FIG 5 SDS-PAGE analysis of Prc proteolytic activity on �-casein, IgG, C1q, or
C3b. Proteolysis assays were performed by using the C-terminally His6-tagged
Prc protease with �-casein, IgG, C1q, or C3b as the substrate. Reaction mix-
tures were incubated at 37°C for 2.5 h and subjected to SDS-PAGE analysis.
The molecular masses of �-casein and the recombinant Prc protease are 25.3
kDa and 75.2 kDa, respectively. Note that IgG contains light (25 kDa) and
heavy (55 kDa) chains. C1q contains A (26 kDa), B (25 kDa), and C (24 kDa)
chains. C3b contains � (101 kDa) and � (75 kDa) chains.
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in Fig. 7C, the serum survival of �prc-RS218 trans-complemented
with plasmid pTR147, which encodes wild-type Prc, was restored
to the level of WT-RS218, while the serum survival rate of �prc-
RS218 trans-complemented with plasmid pTR163, which encodes
the K455A variant of Prc, was significantly lower than that of WT-
RS218. Collectively, these results indicated that the protease func-
tion of Prc is critical for E. coli resistance to serum killing mediated
by the classical complement pathway.

DISCUSSION

This study is the first to demonstrate that Prc is critical for patho-
genic E. coli to induce a high degree of bacteremia. Our results also
support the involvement of Prc in the resistance of E. coli to serum
killing mediated by the complement system. Without Prc, E. coli
triggered a higher level of activation of both the antibody-depen-
dent and -independent classical complement pathway and be-

came more sensitive to MAC deposition in NHS. Serum killing
mediated by the classical complement pathway is likely to play a
major role in clearing the E. coli prc mutant in the bloodstream,
because the classical pathway-mediated bactericidal effect on
�prc-RS218 appeared within 15 min of exposure to NHS. The loss
of the protease function of Prc is likely to contribute to this phe-
notype of the prc mutant.

It seems unlikely that the prc mutant is deficient in the produc-
tion or secretion of a bacterial factor in the bloodstream to facili-
tate the evasion of complement-mediated killing by E. coli. This is
supported by our finding that coinfection with WT-RS218 did not
restore the ability of �prc-RS218 to survive in NHS and the blood-
stream. Also, it is unlikely that the Prc protease directly cleaves
antibodies or complement components to facilitate bacterial eva-
sion of serum killing, because the addition of this protease in NHS
did not affect the serum survival of WT-RS218 and �prc-RS218,

FIG 6 Effects of the prc deletion on LPS, OMP, and MAC sensitivity of E. coli. (A) LPS of WT-RS218 and �prc-RS218. The LPS samples derived from equal
amounts of bacteria were analyzed by silver staining after separation by SDS-PAGE. (B) Silver-stained SDS-PAGE gels of OMPs of WT-RS218, �prc-RS218, and
pCL1920-prc-transformed �prc-RS218 as well as of WT-RS218 bacteria grown with 300 �M the inhibitor peptide GRGYALAA. The arrow indicates a protein
band close to 70 kDa that was differentially expressed in the OMs of �prc-RS218 and WT-RS218 with or without inhibitor treatment. (C) WT-RS218 and
�prc-RS218 exhibited similar levels of MAC deposition after incubation in 80% and 10% NHS for 15 min (experimental group). The levels of MAC deposition
were measured by flow cytometry and are presented as mean fluorescent intensities. The bacteria in the control group were stained with the nonspecific isotypic
antibody of the corresponding primary antibody after incubation in NHS for 15 min. (D) Survival of WT-RS218 and �prc-RS218 incubated in 80% and 10%
NHS for 15 min. The results of serum survival are presented as relative survival rates compared to the survival rates of WT-RS218. All of the data shown are
representative of three independent experiments performed in triplicate. The results are shown as the means � standard deviations. *, P values of �0.05.
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and the protease did not proteolytically damage IgG, C1q, and
C3b. However, as a periplasmic protease, Prc may act on target
periplasmic proteins and/or OMPs that are directly or indirectly
involved in regulating the properties of the OM after processing by
this periplasmic protease. This concept is supported by our find-
ing that the prc deletion causes the alteration of the OMP profiles
of E. coli as well as our findings and those described previously by
Hara et al. showing that the deletion of prc increases E. coli OM
permeability (16). The altered OM properties are likely to be re-
sponsible for the decreased ability of �prc-RS218 to avoid activat-
ing the classical complement cascades as well as this mutant’s in-
creased susceptibility to MAC-mediated killing.

The OM is where the complement system initiates its acti-
vation and exerts its bactericidal activity. The altered OM
properties of �prc-RS218 may increase the accessibility of the
bacterial binding targets of IgG and C1q, allowing higher levels
of IgG and C1q binding to trigger the antibody-dependent and
antibody-independent activation of the classical pathway.
In addition, the MAC-mediated bactericidal effect occurs
through disruption of the OM, thereby increasing its permea-
bility and then inducing lethal changes in the inner membrane
(28, 48). The prc mutant’s increased OM permeability may
facilitate MAC-mediated bactericidal activity, thus increasing
the mutant’s susceptibility to the MAC.

IgM was less likely to be important for the complement-medi-
ated killing of �prc-RS218, as the resupplementation of IgM did
not affect the survival of �prc-RS218 in IgM/IgG-depleted serum,

although this mutant recruited a higher level of IgM binding than
did WT-RS218 in NHS. It is likely that the level of IgM binding to
the mutant was not sufficient to trigger significant classical com-
plement-mediated killing in NHS. This notion may be consistent
with our finding that the difference in IgM binding between WT-
RS218 and �prc-RS218 could be detected only by Western blot
analysis and not by flow cytometry analysis (data not shown).
Flow cytometry analysis measures IgM binding at the level of each
individual bacterium, while Western blot analysis measures the
sum total of large numbers of bacteria. Thus, after the incubation
of the bacteria with NHS, the level of serum IgM binding on each
bacterial cell may be below the detection limit of the flow cyto-
meter.

Two lines of our results support that the protease function of
Prc contributes to the serum survival of E. coli: (i) the serum sur-
vival of �prc-RS218 in NHS was not restored by trans-comple-
mentation with a plasmid encoding the Prc K455A variant, which
has no protease activity (Fig. 7C), and (ii) the preincubation of
WT-RS218 with the peptide inhibitor of the Prc protease de-
creased the serum survival of WT-RS218 in NHS (Fig. 7A). How-
ever, the inhibitor peptide’s effect is relatively small compared to
the marked reduction of serum survival with the prc deletion.
Consistently, the peptide partially changed the OMP profile of
WT-RS218, compared to the change caused by the deletion of prc.
The peptide inhibitor acts by competing for the protease with its
substrates (6). It is likely that this inhibitor’s affinity for Prc may
not be strong enough to compete with the protease substrates in E.

FIG 7 Effect of the protease activity of Prc on serum survival of E. coli. (A) Survival of WT-RS218 preincubated with or without the inhibitor peptide
GRGYALAA in NHS. (B) Survival of WT-RS218 preincubated with or without the inhibitor peptide in HI-NHS. For panels A and B, the results of serum survival
are presented as the survival rates of the original inoculums. (C) Survival of �prc-RS218 strains that were complemented with plasmid pTR147 or pTR163 after
incubation in 60% NHS for 15 min. The results of serum survival are presented as relative survival rates compared to the survival rates of WT-RS218. All of the
data shown are representative of three independent experiments performed in triplicate. The results are shown as the means � standard deviations. *, P values
of �0.05; ***, P values of �0.001.
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coli so that the inhibitory effect of the peptide is modest in E. coli.
Alternatively, the peptide may not effectively enter the bacteria to
access Prc in the periplasmic space. Nevertheless, this finding sug-
gests the concept that the Prc protease function can be inhibited
by the addition of an inhibitor in E. coli.

The increased emergence of antibiotic resistance among E. coli
strains has led to a desperate need for new measures to treat or
prevent invasive diseases caused by E. coli. The deletion and inhi-
bition of Prc rendered E. coli more susceptible to serum killing,
and Prc may be a novel target for developing such measures
against E. coli bacteremia. prc was also shown previously to be
common in clinical isolates of E. coli, and the inactivation of prc
increases the susceptibilities of E. coli to multiple antibiotics (36).
Thus, a drug able to inhibit the protease function of Prc may
facilitate the host’s complement system and increase the efficiency
of antibiotics in eliminating invading E. coli bacteria.

Mutations in the tolA and tolB genes of bacteria have also been
shown to change bacterial OM permeability and induce increased
bacterial susceptibility to complement-mediated killing. The Tol-
Pal system, which is well conserved among Gram-negative bacte-
ria (41), consists of at least five interacting envelope proteins,
TolQ, TolR, TolA, TolB, and Pal (lipoprotein) (15). Because the
Tol-Pal system is involved in maintaining OM integrity, muta-
tions in the component genes of this system are commonly asso-
ciated with increased OM permeability (12, 25, 47). In addition, a
tolA deletion in E. coli and S. Typhimurium and a tolB deletion in
S. Typhimurium were shown previously to cause increased bacte-
rial susceptibility to complement-mediated killing (8, 14, 30).
Therefore, it was proposed that the Tol-Pal system is a potential
target in the development of novel attenuated live vaccines against
Gram-negative pathogens (30). The Prc mutant of E. coli strains
may also be a candidate for an attenuated vaccine. In addition to
the attenuated phenotypes identified in the present study, the
greater susceptibility of the Prc mutant to antibiotics and its
growth defect at 42°C under conditions of low osmolarity (16)
may be attractive properties for controlling and monitoring the
attenuated strains as potential vaccines.

The substrate-binding and catalytic activities of the Prc pro-
tease are separated in distinct domains in the protein (7, 20). A
block of the function of the two domains may lead to the inacti-
vation of the protease activity (or the two sites are the candidate
target for blocking the protease activity). It was found that three of
the Prc residues (Ser-430, Asp-411, and Lys-455) are essential for
the catalytic activity (20). Based on this finding, it was proposed
that Prc may belong to the family of serine proteases that use a
serine-lysine dyad mechanism for catalysis (20). However, Prc is
not sensitive to serine protease inhibitors, such as diisopropylfluo-
rophosphate (DFP) and phenylmethylsulfonyl fluoride (PMSF)
(20). The substrate-binding site of Prc is located in a PDZ domain
(amino acids 206 to 334) (7). PDZ domains span about 100 amino
acids and were initially found in eukaryotic proteins, in which they
are involved in protein-protein interactions (10). The PDZ do-
main of Prc binds to the nonpolar C-terminal sequence of the
substrates (21, 37). Because the inhibitor peptide GRGYALAA
contains a nonpolar C-terminal sequence and is able to block the
protease function of Prc, we speculate that the peptide is able to
compete for the PDZ domain of Prc with the substrates (6).

In conclusion, we identified the involvement of the Prc pro-
tease in E. coli bacteremia. Prc contributed to the E. coli evasion of
classical complement-mediated serum killing. These findings sug-

gest that Prc is a potential target for the development of therapeu-
tic and/or preventive strategies against invasive diseases caused by
E. coli. Studies are in progress to investigate whether altered OMPs
are involved in serum killing and also to identify the substrates of
the Prc protease, which will facilitate the identification of novel
inhibitors of this protease.
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