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We have identified two chromosomal open reading frames in uropathogenic Escherichia coli (UPEC) strain
CFTO073 which are highly homologous to serine protease autotransporters Pic and Tsh. Both cloned determi-
nants were correlated with the presence of 105- to 110-kDa proteins in the culture supernatants. Furthermore,
in cellular fractionation experiments, 30-kDa polypeptides were identified in the outer membrane; we specu-
lated that these proteins are the (-barrel portions of the autotransporter homologues. Furthermore, Pic-
containing culture supernatants have serine protease activity. In reverse transcription-PCR analyses, the
expression of the pic and tsh genes in E. coli CFT073 was higher in broth cultures grown at 37°C than at 25°C.
Moreover, pic and tsh were expressed by bacteria isolated from urine of transurethrally infected mice. The sk
determinant was identified in 63% of our clinical UPEC strain isolates (n = 87) and in 33% of fecal strains (n
= 27), whereas pic was present in 31% of the pyelonephritis (n = 67) and 7% of the fecal strains. There was
no significant correlation between cystitis strains (n = 20) and the pic determinant.

Uropathogenic Escherichia coli (UPEC) encodes a variety of
genetic determinants that are associated with virulence. Guyer
et al. have previously identified a novel secreted autotrans-
porter toxin (Sat) in culture supernatants of strain CFT073
that is responsible for vacuolating cultured bladder and kidney
epithelial cells (10, 11). Sat shares a high degree of homology
with an expanding class of serine protease autotransporters in
E. coli (SPATEs). In this study, we describe two additional
SPATE proteins in CFT073 that are homologous to Pic and
Tsh.

The Pic protein was originally identified in culture superna-
tants of enteroaggregative E. coli (EAEC) (12). Its genetic
determinant overlaps with shetAB, which encodes the Shetl
enterotoxin (2, 12). This toxin is responsible for fluid accumu-
lation in rabbit ileal loops (7). Like other SPATE proteins, Pic
has been shown to have serine protease activity capable of
acting on mucin (12).

Tsh was first reported as a temperature-sensitive hemagglu-
tinating factor in avian pathogenic E. coli (APEC) (18). Its
identical homologue, Hbp, was described as a heme-binding
protein with a serine protease activity targeted at hemoglobin
(16). Researchers have found that Hbp expression enhances
abscess formation in mice during mixed infections with Hbp-
expressing E. coli and Bacteroides fragilis (15).

We hypothesized that the CFT(073 genes homologous to pic
and tsh encode SPATE proteins which are secreted and pro-
teolytically active. Moreover, we speculated that these deter-
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minants are more prevalent among UPEC isolates than fecal
strains.

Homology of CFT073 pic and tsh determinants. We identi-
fied the pic and tsh determinants while annotating the genomic
sequence of E. coli CFT073 (gbAE014075) (22). The Pic ho-
mologue is well conserved (96% amino acid identity) among
UPEC strain CFT073, EAEC strain 042, and Shigella flexneri
2a. This homology is evenly distributed across the protein,
including the serine protease motif (GDSGSP), signal se-
quence, and B-barrel domains (12). As expected, shetAB ho-
mologues are present within the pic-coding region on the com-
plementary strand (2). However, a transitional mutation in
shetA (G to A at position 441) results in a premature stop
codon 86 bp upstream from the expected 3’ end. Thus, shetA
may not be fully translated.

In comparison, the CFT(073 Tsh homologue is slightly less
conserved relative to its counterpart in APEC and the Hbp
protein of intraabdominal E. coli (78% identity). Importantly,
the B-barrel domain, serine protease motif, and amino acids
flanking the predicted B-barrel cleavage site (residues 1109 to
1114) are identical among the Tsh homologues, whereas the
signal sequences are considerably less conserved (30% iden-
tity) (16, 20).

Expression of CFT073 pic and tsh determinants. To circum-
vent any detection problems arising among the seven auto-
transporter homologues in strain CFT073, the pic and tsh de-
terminants were separately PCR amplified from genomic DNA
using the Expand Long Template PCR system with the follow-
ing primer pairs: for pic, 5'-GCTAGCACGAGTATAATTAA
TGGTGGCAG-3' and 5'-CTCGAGCGCATATACACACTC
ACCAACTTG-3'; for tsh, 5'-GCTAGCAGATGATGGTAT
GGTGAT-3' and 5'-CTCGAGTTCCAGCCTGTACCGTAA
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FIG. 1. Expression of autotransporter proteins from cloned pic and tsh determinants. Concentrated culture supernatants (A) and membrane
fractions (B) prepared from E. coli BL21(DE3) pLysS transformed with either pBS SK*, pDRMO005 (pic), or pPDRMO006 (sh) were separated in
SDS-10% (A) or —12% (B) PAGE and stained with Coomassie blue. The relative migrations of molecular mass standards are indicated at the left.
Arrows denote protein bands that correspond to the predicted electrophoretic mobilities of Pic and Tsh proteins.

TCAG-3'. Subsequently, products were cloned into pBS KS™
under T7 promoter control. E. coli BL21(DE3) pLysS (ompT)
pDRMO05 (pic) or pDRMO06 (zsh) transformants were cul-
tured overnight at 37°C in 100 ml of agitated L broth supple-
mented with ampillicin (25 wg/ml) and chloramphenicol (10
pg/ml) (8). Sterile bacterial supernatants were concentrated
with a Centricon Plus-80 spin filter (100-kDa cutoff). As pre-
dicted, a distinct 115-kDa protein band was observed in the
concentrated supernatant of pDRMO00S5 (pic) transformants in
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis (Fig. 1A, lane 3). This band was absent
from the vector control (lane 2). Likewise, a 110-kDa protein
band was noted in the supernatant of pPDRMO006 transformants
as expected of mature Tsh protein (Fig. 1A, lane 4); however,
an analogous protein was also seen in the vector control (lane
2). Given the relative abundance of these proteins, we specu-
lated that tsh is expressed in the pDRMO06 strain (lane 4) and
comigrates with a protein secreted by the host strain.

To establish whether the conserved B-barrel domains local-
ize to the outer membrane, both inner and outer membrane
fractions were prepared from bacterial lysates (10). In SDS-
PAGE analysis, protein bands (27 kDa) were seen in outer
membrane fractions of both pDRMO005 and pDRMO006 trans-
formants (Fig. 1B, lane 6 [pic] and lane 7 [tsh], respectively)
that were absent from the vector control (lane 5). These pro-
tein bands were similar to the predicted sizes of both Pic and
Tsh B-barrel domains (30 kDa). There are many examples of
mature autotransporter proteins that are cleaved away from
the B-barrel domains upon secretion (13). Although we do not
provide direct evidence, these data are consistent with a similar
processing of Pic and Tsh in the host strain BL21(DE3)
(ompT). On occasion, we have observed full-length Pic and Tsh
proteins to copurify with membrane fractions (data not
shown). We postulate that those products are tethered to the
outer membrane via the B-barrel at the C terminus.

Proteolytic activity of the Pic protein. To determine if the
secreted proteins had serine protease activity, concentrated
culture supernatants (2.0 pg of total protein) were incubated
with casein conjugated to Bodipy FL (5 png) overnight at 37°C
(10). As seen in Fig. 2, both Pic- and Sat-containing superna-
tants were capable of hydrolyzing casein. Note Sat is also a
SPATE protein as previously described (10). Furthermore, no
activity was detected in the presence of a serine protease in-
hibitor, phenylmethylsulfonyl fluoride (PMSF) (Fig. 2). In con-
trast, Tsh-containing supernatants behaved similarly to the
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FIG. 2. Protease activity of culture supernatants. Concentrated cul-
ture supernatants (2 pg) were incubated with a casein-Bodipy FL
derivative (5 pg) at 37°C for 20 h in the absence (black bars) or
presence (white bars) of 500 uM PMSF. Relative fluorescence units
were measured at 535 nm using an excitation wavelength of 485 nm.
Data represent triplicate measurements of three independent experi-
ments. Asterisks denote significant differences in mean values of sam-
ples lacking and containing PMSF (unpaired ¢ test, P < 0.005).
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FIG. 3. CBA mouse model of ascending UTL. (A to C) Ten female
CBA mice were challenged transurethrally with CFT073 (~1.0 x 10°
CFU). Twenty-four hours postinoculation, tissue and urine samples
were collected, homogenized, and quantitatively cultured on L agar. A
median value of 1.8 X 10° CFU/ml of urine was isolated from infected
animals, whereas only 90 CFU/ml of urine was obtained from unin-
fected animals. Bacteria isolated from pooled urine samples (n = 10)
were analyzed by RT-PCR using three gene-specific primer pairs.
Serially diluted RT-PCR products were separated in 2.0% agarose gel.
(D) Female CBA mice were cochallenged transurethrally with CFT073
and CFT073Apic (1:1) with 1.0 X 10° CFU per animal (n = 10). Six
days postinoculation, tissue and urine samples were collected from
each animal. Homogenized tissue and urine samples were quantita-
tively cultured on L agar. Values are the CFU per milliliter of urine or
gram of tissue along with the median value of each group (horizontal
line). (E) In a similar experiment, mice were independently challenged
with CFT073 or CFT073Apic with 1.0 X 10° CFU per animal (n = 10).
Statistical differences between wild-type and mutant strains were de-
termined by a one-tailed Wilcoxon matched pairs test (D) or Mann-
Whitney test (E).
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vector control strain. Analogous results were observed with an
elastase IV substrate-pNA conjugate (500 uM) using 5 pg of
supernatants (20 h; 37°C) (data not shown). Concentrated
EAEC Pic and APEC Tsh preparations were used as positive
controls (6). From these results, it can be concluded that se-
creted Pic has serine protease activity. Unfortunately, we have
had no success identifying a mucinase activity associated with
CFT073 Pic (data not shown) or the EAEC homologue which
has been reported elsewhere (12). Likewise, preliminary ex-
periments in heme-binding and hemoglobinase activity with
CFTO073 Tsh have also been inconclusive (16, 21).

CFT073 expression of pic and tsh is upregulated at 37°C. To
confirm the expression of pic and tsh in their native background,
c¢DNA was prepared from CFT073 cultures and PCR amplified
with internal gene-specific primers. Bacterial cells (5 X 10%) were
collected during logarithmic-phase growth in L broth at 25 or
37°C and flash-frozen for storage. Subsequently, DNA-free RNA
was isolated from thawed bacterial cells with RNeasy mini col-
umns. cDNA was synthesized using a randomly primed Super-
script First Strand system and digested with RNase H. As a
negative control, synthesis reactions were also prepared without
Superscript II reverse transcriptase. To identify cDNAs encoding
1poB, pic, and tsh, internal regions within each determinant were
PCR amplified with the following primer pairs: for rpoB (145bp),
5'-CACCGCTGACATCCCGAACG-3" and 5'-ATCGCACGC
AGCAGTTTTTC-3'; for pic (120 bp), 5'-AACGGACCTTTAC
CTGACTA-3" and 5'-TTCCACCAGTTCGTAGCACC-3'; for
tsh (269 bp), 5'-GTCAGGTCAGTAACGAGCAC-3" and 5'-
AGAGACGAGACTGTATTTGC-3'.

Reverse transcription-PCR (RT-PCR) products were ob-
served with pic- and tsh-specific primers at 120 and 269 bp,
respectively. These products were absent in reactions not con-
taining reverse transcriptase (data not shown). Interestingly,
the relative amounts of pic and tsh RT-PCR products differed
between cultures grown at 25 and 37°C. By comparing band
intensities, we calculated a 4.1-fold increase (n = 10) in pic
products at 37°C and, correspondingly, a 2.3-fold increase (n =
12) in tsh products. On the other hand, comparable quantities
of rpoB products (145 bp) were detectable in 25 and 37°C
cultures (1.1-fold; » = 12). If we assume that the relative
quantity of RT-PCR products can be correlated with the
amount of isolated mRNA, then pic and tsh expression was
significantly enhanced at 37°C compared to rpoB expression (¢
test; P = 0.002 and P = 0.0007, respectively).

Other researchers have reported increased protein concen-
trations of Pic and Tsh in culture supernatants when cells were
grown in rich medium at 37°C compared to 25°C (12, 20).
Moreover, the processing of pro-Hbp was shown to be im-
paired at 26°C, which contributed to reduced extracellular con-
centrations (16). In CFT073, the transcriptional regulation of
pic and tsh appears to be temperature sensitive. Interestingly,
in EAEC, pic transcription appears to be growth phase depen-
dent, favoring expression during early to mid-logarithmic
phase (3). Both temperature- and growth phase-dependent
expression could be key mechanisms for regulating virulence
determinants during the early phases of infection among
pathogenic strains.

CFTO073 pic and tsh determinants expressed during infec-
tion. To establish whether pic and tsh determinants were ex-
pressed during infection, 10 female CBA/J/Hsd mice were in-
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TABLE 1. Distribution of pic and tsh determinants among uropathogenic and fecal E. coli isolates

No. (%) of strains hybridizing with probe specific for:

Source of E. coli n pic tsh Both pic and tsh®

No. (%) of strains P value® No. (%) of strains P value® No. (%) of strains P value
Fecal 27 2(7) 9 (33) 1(4)
Cystitis 20 3(15) 0.350 13 (65) 0.031 3(15) 0.200
Pyelonephritis 67 21 (31) 0.011 42 (61) 0.009 17 (25) 0.011

“ Statistical significance between fecal and cystitis (or pyelonephritis) distributions was determined with a one-tailed Fisher’s test for exactness.
b A total of 19% of pyelonephritis strains were positive for sat, pic, and tsh, whereas no fecal strains were positive for all three autotransporter genes.

oculated transurethrally with 10° CFU (50 wl) via catheter
(14). To assay for rpoB, pic, and tsh expression, bacteria were
isolated from urine 24 h postchallenge and flash-frozen.
Thawed samples were processed for RT-PCR analysis. For
comparison, urine samples were also collected from 10 unin-
fected animals.

The bacterial counts of the pooled urine samples ranged
from 1.8 X 10° CFU/ml (infected) to 90 CFU/ml (uninfected).
Bacteria were also noted in the bladder (median value of 4.1 X
107 CFU/g) and kidneys (median value of 4.0 X 10°> CFU/g) of
infected animals. RT-PCR products corresponding to pic, tsh,
and rpoB expression were detected in urine samples from in-
fected animals (Fig. 3A, B, and C, respectively), whereas no
products were observed with urine from uninfected animals
(data not shown). We speculate that these conditions also
reflect pic and tsh expression in the bladder.

Prevalence of pic and tsh determinants among UPEC iso-
lates. To determine whether the pic and tsh determinants were
preferentially associated with UPEC, we prepared dot blots
with 87 E. coli isolates from patients diagnosed with acute
pyelonephritis or exhibiting symptoms of cystitis (9, 19) and 27
E. coli fecal isolates from healthy women (9, 19). Internal
probes of the pic and tsh determinants (see above) were cre-
ated by PCR amplification in the presence of digoxigenin-
labeled dUTP and detected with the digoxigenin luminescence
detection system. Probe specificity was confirmed with dot
blots of denatured plasmid preparations, including pPic,
pAY3108, pDG7, pCENI1, pZK15, pB9-5, pJLM174, and pBS
SK™, which encode the following SPATESs: pic, tsh, sat, pet,
sepA, espP, espC, and vector control, respectively (data not
shown) (10).

As described in Table 1, the pic probe hybridized to 21 of 67
(31%) of pyelonephritis isolates compared to only 2 of 27 (7%)
fecal isolates. However, only 3 of 20 (15%) cystitis isolates
were found to be pic positive. Based on these data, we propose
that pic is preferentially encoded in pyelonephritis strains com-
pared to fecal isolates (Fisher’s exact test, one-tailed; P =
0.011) but is not necessarily associated with cystitis strains (P =
0.35). It is unclear whether these results reflect a particular role
for pic in uropathogenesis or simply sample size. Analogous
distributions of pic have been reported among clinical isolates
of EAEC (39.7%) and Shigella spp. (27.7%) (1, 17).

In contrast, the tsh determinant was present in 42 of 67
(61%) pyelonephritis isolates and 13 of 20 (65%) cystitis iso-
lates. The prevalence of tsh among fecal isolates (33%) was
significantly lower than among the uropathogenic isolates (n =
87; Fisher’s exact test, one-tailed; P = 0.006). These findings
suggest that tsh is more frequently distributed among E. coli

associated with urinary tract infection (UTI) than commensal
E. coli. These results agree with the distribution of the tsh
homologue (hbp) among human extraintestinal (31%) and fe-
cal (5%) isolates reported by Otto et al. (16). In a larger
epidemiological study of APEC (n = 253), tsh was found in
39% of strains associated with colisepticemia versus only 3.8%
in fecal strains (5).

Virulence assessment of a pic mutant in a CBA mouse model
of ascending UTI. Based on the mucinase activity of the Pic
homologue in EAEC (20) and the prevalence of pic among
pyelonephritis strains, we speculated that the serine protease
function of Pic might enhance E. coli CFT073 colonization and
pathology in the urinary tract. To test this hypothesis, the pic
determinant in CFT073 was replaced with a PCR product encod-
ing pic::cat by homologous recombination mediated by the A Red
recombinase system (4). The cat PCR product was created with
primer pairs 5'-AAGCAAACGAAAAGTATTTCACTATGTA
ACAGACATCACAGTGTAGGCTGGAGCTGCTTC-3" and
5'-TCATGGCTCATACAGAACTACCATAAGAAGGATGA
TTAAGCATATGAATATCCCCTTAGT-3'. Replacement re-
combination was confirmed by PCR amplification using primers
that recognize pic flanking sequence (described above) and inter-
nally primed RT-PCR. Note that this mutation also eliminates
shetAB encoded by the complementary strand. The morphology
and growth rate of CFT073Apic was not significantly altered com-
pared to that of the wild-type strain. Furthermore, in L broth
cocultures CFT073Apic consistently maintained cell densities sim-
ilar to the wild-type strain over 24 h at 37°C (data not shown).

Having confirmed competitive growth in vitro, 10 CBA mice
were cochallenged transurethrally with CEFT073Apic and CFT073
using 10° CFU (1:1 mixture). Six days postinoculation, samples of
the kidney, bladder, and urine were collected and quantitatively
cultured on L agar. No significant differences were found between
CFT073Apic and wild-type colonization as indicated by the me-
dian numbers of CFU recovered per milliliter of urine or gram of
tissue (Fig. 3D). Thus, we conclude that there was no competitive
advantage of Pic-encoding strains in mixed infections. However, it
is unclear whether wild-type protein secretion can complement a
pic-deficient strain. Similar arguments can be made for the shetAB
determinants of CFT073.

To study the relative pathologies caused by these organisms
and avoid complementation by the wild-type strain, indepen-
dent CBA mouse challenges were performed under similar
conditions (Fig. 3E). The wild-type strain appeared to colonize
the bladder to a greater extent (median value, 8.2 X 107
CFU/g) than CFT073Apic (median value, 3.3 X 10* CFU/g);
however, this trend was not statistically significant (Mann-
Whitney test [one-tailed], P = 0.20). Likewise, histological
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examination of the tissues suggested that these organisms pro-
duced similar pathology. However, there were subtle differ-
ences in the bladder pathologies of animals colonized with
fewer than 1.0 X 10® CFU/gm of tissue. Under these condi-
tions, four of six CFT073 infections displayed neutrophils in-
filtrating the lumen, epithelium, and submucosa, whereas neu-
trophils were found only in the lumen among one of five
CFT074Apic infections.

In conclusion, CFT073 encodes three SPATE homologues,
sat, pic, and tsh. These determinants have been found more
frequently in UPEC strains than fecal E. coli, suggesting a role
in virulence. Animal experiments indicate that the role of Sat
and Pic in CFT073 colonization is probably subtle. Sat causes
vacuolation of cultured bladder and kidney epithelium (11).
On the other hand, it has been difficult to elucidate how Pic
and Tsh contribute to the virulence of this organism.
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