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We have completed immunofluorescence binding studies of purified fimbriae from two clones which express
Pap or Pap-2 fimbriae. Although the two fimbrial types exhibited common binding to the uroepithelia of the
bladder and renal pelvis and to occasional cells located within the glomeruli which we have termed glomerular
elements, only Pap-2 fimbriae adhered to Bowman's capsule. Previous studies have demonstrated that the
Galol->4Gal disaccharide moiety is capable of inhibiting Pap hemagglutination and adherence to uroepithelial
cells. Results of our experiments demonstrate that this disaccharide is not sufficient for blocking binding of
Pap-2 fimbriae to Bowman's capsule but that GalNAc,1-*3Gal completely blocks Pap-2 adherence to
Bowman's capsule. These results indicate that the different hemagglutination capacities of the two clones reflect
different receptor specificities and differential tissue tropisms in the urinary tract. These unique receptor
specificities may provide uropathogenic strains of Escherichia coli carrying multiple chromosomal copies of
pap-like gene clusters with the advantage of increased numbers of binding sites within the urinary tract. This,
in turn, might improve the chances of colonization and the establishment of infection.

Uropathogenic Escherichia coli strains have been shown
to carry multiple copies of gene clusters which encode P
fimbriae (3, 10, 13, 14, 45) and to express more than one P
fimbrial type per strain (33-35, 38). P fimbriae, named for
their adherence to the human P-blood-group antigens and
their association with pyelonephritis, bind to human eryth-
rocytes (11, 15, 20), voided uroepithelial cells (40, 41), and
tissues of the urinary tract (44). The minimal receptor
required for P-fimbrial adhesion has been determined to be
Galal1-4Gal (15, 20). This digalactoside has been shown to
inhibit P-fimbrial hemagglutination of erythrocytes (17, 18),
binding to uroepithelial cells (16), and adherence to cryostat
sections of human tissues (19).
Numerous P fimbriae have been described and classified

serologically as F7 to F14 (1, 31, 32). Some of these P
fimbriae adhere to structures of the globoseries of glycolipids
other than the minimal Galal--4Gal structure. This was
demonstrated by the failure of some P fimbriae to agglutinate
Galal->4Gal-latex beads and erythrocytes which lack glo-
botetraosylceramide, the P antigen (6; J. Karr, R. Hull, and
S. Hull, Abstr. Annu. Meet. Am. Soc. Microbiol. 1988,
D-162, p. 98). Recently, other globoseries recognizing E. coli
strains have been described and designated ONAP (O neg-
ative, A positive), based on the requirement for both the A
terminal structure and the globoseries chain for binding (39).
These strains appear to recognize as receptor the globo-A
glycolipid, an extended structure which resembles the P-
blood-group antigens.
We have previously cloned the second P fimbrial gene

cluster from the pyelonephritogenic isolate J96 and desig-
nated it pap-2 (22; Karr et al., Abstr. Annu. Meet. Am. Soc.
Microbiol. 1988). The restriction enzyme maps of the pap
and pap-2 clones reveal homologous sequences (Fig. 1),
except in the regions which encode the adhesins. The pap
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gene cluster has been extensively analyzed and mapped (4,
5, 21, 23-25, 27, 28, 43), and it has been demonstrated that
the adhesin is encoded within the 3.9-kilobase (kb) KpnI-
to-EcoRI region of pRHU845. The pap-2 gene cluster has
been partially mapped by in vitro translation, and the ad-
hesin is encoded within the 3.2-kb KpnI-to-BamHI fragment
(unpublished data). Construction of chimeric clones in which
the 3.2-kb KpnI-to-BamHI fragment of pJFK102 and the
3.9-kb KpnI-to-EcoRI region of pRHU845 were exchanged
created chimeric clones with adherence specificities of the
parental clones which contained the corresponding regions
(unpublished data). Although the pap-2 gene cluster is prob-
ably identical to the prs (pap-related sequence) gene cluster
(23, 26), these two clones were constructed differently and
independently. The prs clone has been partially mapped by
minicell analysis and restriction enzymes (23, 26), and the

H
1kb

pRHU845

EV

El H B
I Il

EV EV

El KH S EV H S S SK El
Ii I

EH EV lIH S EV
B BI EV~S EV EVI S1I

pJFK1 02
FIG. 1. Restriction endonuclease maps of the two pap gene

clusters from clones pRHU845 and pJFK102. The two inserts are
alike between their common EcoRV and KpnI sites but differ to the
right of the KpnI sites, where two minor pilins and the adhesins are
located. In the region to the right of and including the terminal SmaI
fragment of pRHU845, the two clones are not comparable since a
deletion was introduced in vitro in this region of pRHU845 during
subcloning (28) Hatched bars indicate vector DNA: pACYC184 for
pRHU845 and pBR322 for pJFK102. The solid bar represents pap
genes, and the open bar represents pap-2 genes. Restriction endo-
nucleases: B, BamHI; El, EcoRI; EV, EcoRV; S, SmaI; H,
HindlIl; K, KpnI.
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IMMUNOFLUORESCENCE OF Pap AND Pap-2 FIMBRIAE

FIG. 2. Binding of purified Pap and Pap-2 fimbriae to glomeruli
or Bowman's capsule. Pap fimbriae adhered to glomerular elements
but not to Bowman's capsule (a), even after an overnight incubation
(e). Pap-2 fimbriae adhered to Bowman's capsule and to some
glomerular elements (c). Double staining the sections with PNA-
fluorescein detected Bowman's capsule and some tubules (b and d).
Abbreviations: BC, Bowman's capsule; G, glomerulus; T, tubule.

be expected to adhere to urinary tract tissues as one step in
the establishment and/or maintenance of urinary tract infec-
tions. In order to analyze potential differences in adherence
between the pap and pap-2 clones, we utilized immunofluo-
rescence staining to detect the binding of purified fimbriae to
frozen human tissue sections of the kidney, renal pelvis, and
bladder.

results of pap-2 analysis suggest that these two clones carry

the same gene cluster from strain J96.
We have analyzed the differences in binding between the

pap-2 and pap clones. Both clones are positive for mannose-
resistant hemagglutination of human erythrocytes, but only
pap-2 cells are capable of mannose-resistant hemagglutina-
tion of sheep and dog erythrocytes (Karr et al., Abstr. Annu.
Meet. Am. Soc. Microbiol. 1988; manuscript in preparation).
In contrast, Prs-piliated E. coli have been demonstrated to
bind to sheep erythrocytes but not to human erythrocytes
(23, 26), and the Prs receptor has been identified as the
Forssman antigen (26). Results of subsequent studies dem-
onstrate that a Prs-piliated clone agglutinates human AP1
erythrocytes (22). A comparison of the binding of prs and
pap-2 clones to purified glycolipids bound to thin-layer
chromatograms has recently been completed (22).
The adherence of P-fimbriated E. coli to human tissues has

not been thoroughly studied. Uropathogenic strains would

MATERIALS AND METHODS

Bacterial strains. Strains HU849 (10) and P678-
54(pJFK102) (Karr et al., Abstr. Annu. Meet. Am. Soc.
Microbiol. 1988) were grown at 37°C on L agar plates with 10
,ug of tetracycline per ml or 100 jxg of ampicillin per ml,
respectively.

Fimbrial purification. Bacteria were grown overnight at
37°C on L agar plus the appropriate antibiotic and tested for
mannose-resistant hemagglutination of human and sheep
erythrocytes. Overnight cultures of L broth with the appro-
priate antibiotic were inoculated with each strain. Fimbriae
were purified from P678-54(pJFK102) and HU849 by heat
shock, as described by Wray et al. (47). Fimbriae were
stored in phosphate-buffered saline (PBS) (pH 7.1) in ali-
quots at -70°C.
Human tissue sections. Histopathologically normal surgical

specimens of kidney, renal pelvis, and bladder from a
66-year-old male (phenotype B+ P1- P+) with renal carci-
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FIG. 3. Pap-2 fimbriae bound to the luminal surface of collecting ducts (CD) (a), as detected by PNA double staining of the same tissue
section (b).

noma were snap frozen in liquid nitrogen. Cryostat sections
4 ,um thick were cut for immunofluorescence.

Indirect immunofluorescence. Purified fimbriae were sus-
pended at a concentration of 0.5 mg/ml in PBS (pH 7.1) with
0.05% Tween 20, 1% bovine serum albumin (BSA), and 1%
methyl-a-D-mannopyranoside. Rabbit anti-HU849 antise-
rum (12) was extensively adsorbed against P678-54 to re-
move non-fimbrial-specific binding and then suspended 1:40
in PBS (pH 7.1) with 1% BSA. Normal goat serum diluted
1:10 in 50 mM Tris (pH 7.0) was used to block nonspecific
binding. Tetramethylrhodamine isothiocyanate-labeled goat
anti-rabbit immunoglobulin G (E-Y Laboratories, Inc., San
Mateo, Calif.) was suspended 1:40 in PBS (pH 7.1) with 1%
BSA and used to detect bound fimbriae. Fluorescein isothio-
cyanate-labeled lectin PNA (E-Y Laboratories) was diluted
1:32 in Dulbecco PBS. Immunofluorescence staining of the
fimbriae and lectins bound to tissue sections was performed
as described by Nowicki et al. (30), with a few modifications.
Immediately after the cryostat sections were fixed and
washed, 40 RI of normal goat serum was incubated on the
tissue sections for 20 min, blotted off, and then replaced by
40 RI of the fimbrial preparation for 45 min, except where
noted otherwise. All other incubations of primary and tet-
ramethylrhodamine isothiocyanate-labeled secondary anti-
sera were for 30 min. In order to identify specific structures
within the kidney (7-9, 42), fimbria-stained sections were
double stained for 30 min with fluorescein isothiocyanate-
labeled PNA, the peanut agglutinin from Arachis hypogaea
which binds to Gal,1--3GalNAc.

Inhibition of fimbrial adhesion. Purified Pap-2 fimbriae (0.5
mg/ml in PBS [pH 7.1] with 0.05% Tween 20, 1% BSA, and
1% methyl-a-D-mannopyranoside) with 0.75% GaIot1-4Gal
or GalNAcI1-)3Gal were incubated on kidney sections for
45 min before washing and immunofluorescence staining for
fimbriae. The negative control contained 1% methyl-a-D-
mannopyranoside, as in all the other experiments.

RESULTS

Column-purified Pap and Pap-2 fimbriae were used to
determine binding to structures within the kidney, bladder,
and renal pelvis. The results of a 45-min incubation of
fimbriae with tissue sections (Fig. 2a) show the focal adher-
ence of Pap fimbriae to the glomerulus but not to Bowman's
capsule. An overnight incubation of Pap fimbriae on kidney
sections revealed that increased incubation time enhanced
binding to the glomerulus but not to Bowman's capsule or

tubules (Fig. 2e). Figure 2c shows strong binding of Pap-2
fimbriae to Bowman's capsule and focal binding within the
glomerulus. Figures 2b and d show the same sections as Fig.
2a and c, respectively, double stained with PNA lectin,
which binds specifically to Bowman's capsule and other
structures.
Pap and Pap-2 fimbriae occasionally bound to tubules of

the kidney. This staining was weak and not always seen, so
tubular staining results were inconclusive. Pap-2 fimbriae are
shown adhered to the lumens of some collecting ducts (Fig.
3a) double stained by PNA (Fig. 3b).
Both Pap and Pap-2 fimbriae adhered to the uroepithelia of

the renal pelvis and bladder (Fig. 4). The fimbriae from both
clones also adhered strongly to smooth muscles from the
bladder wall (Fig. 5).

In order to determine whether Pap-2 fimbrial adhesion
could be blocked, we added 0.75% Galal-*4Gal or
GalNAc,1-33Gal to the Pap-2 fimbrial preparation prior to
incubation of the fimbriae with the kidney sections.
Galax1-4Gal did not inhibit binding of Pap-2 fimbriae to
Bowman's capsule (Fig. 6a and c). The addition of
GalNAcP1-3Gal eliminated binding to Bowman's capsule
but did not inhibit binding of Pap-2 to glomerular elements
(6b and d).

DISCUSSION
Different fimbriae have been shown to have different

tissue tropisms, for example, P (19) and Dr (30) fimbriae.
However, no information was available concerning the tis-
sue tropisms of multiple P fimbriae from the same strain. We
have shown that Pap and Pap-2 (F13) have different binding
specificities within the human kidney (Table 1). Another
type ofP fimbria, KS71A (F71), from the pyelonephritogenic
E. coli strain KS71, has been analyzed for binding to the
human kidney (19, 44). Purified fimbriae from a recombinant
clone with KS71A fimbriae showed intense adherence to
tubules, including proximal, distal, and collecting ducts, and
also to vascular endothelium and parietal epithelia of glo-
meruli (19). This binding was inhibited by the addition of
globotriose (19). KS71A fimbriae do not bind to human
kidney sections in the same pattern as Pap or Pap-2 fimbriae.
Therefore, different P fimbriae seem to have multiple unique
patterns of adherence to human kidney tissue.

In ascending urinary tract infections, bacteria are thought
to first colonize the bladder, possibly by adherence to the
uroepithelium, and then ascend through the ureter to the
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FIG. 4. Both fimbrial preparations adhered to the uroepithelia of the renal pelvis and bladder. The uroepithelia (between the arrow<+ of
the renal pelvis (a and c) and bladder (b and d) are bound by Pap (a and b) and Pap-2 (c and d) purified fimbriae.

kidney, where the renal pelvis is the first renal site to be
involved in the acute infectious process. From the renal
pelvis, the infection may spread to the interstitial tissues of
the kidney, affecting the tubules, glomeruli, and blood ves-
sels. We have shown that there are receptors for two P
fimbriae, Pap and Pap-2, located in the uroepithelia of the
bladder and renal pelvis and also in the renal parenchyma.
The adherence of P fimbriae to these sites may be clinically
significant in the establishment of pyelonephritis.
Adherence by both clones to the smooth muscle of the

bladder was surprising but has also been observed for some
other P fimbriae (46). Two possible explanations exist for
this strong binding phenomenon. One is that the receptor is

fortuitously present on the muscle fibers and that the adher-
ence to these structures plays no role in the pathogenesis of
urinary tract infection. The other possibility is that pyelo-
nephritogenic E. coli may ascend the wall of the bladder and
ureter to the kidney by intramural spread and by ascending
interstitially along the connective tissue and muscle fibers
(36). This pathway would require invasion of the bladder
wall to reach the subepithelial tissues. According to Ander-
son (2), the subepithelial tissues of the bladder, ureter, and
renal pelvis could provide a direct route of invasion of the
kidney.

Results of our previous studies of the pap-2 clone indi-
cate that the receptor analog for Pap-2 fimbriae is not

FIG. 5. Pap (a) and Pap-2 (b) bound strongly to the smooth muscle in the bladder wall.
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FIG. 6. Inhibition of Pap-2 fimbrial adherence to Bowman's capsule (BC). Preincubation of purified fimbriae with 0.75% Galal1-4Gal had
no inhibitory effect on Pap-2 adherence to Bowman's capsule (a and c), but 0.75% GalNAcpl1-3Gal completely blocked this binding (b and d).

Galal-÷4Gal (22; Karr et al., Abstr. Annu. Meet. Am. Soc.
Microbiol. 1988). In contrast to studies of the prs clone (23,
26), our results have demonstrated that the pap-2 clone
causes hemagglutination of both sheep erythrocytes and
those human erythrocytes which express globotetraosylce-
ramide (Karr et al., Abstr. Annu. Meet. Am. Soc. Microbiol.
1988). Since GalNAcP1->3Gal is found in globotetraosylce-
ramide on P1 and P2 erythrocytes and the Forssman antigen
on sheep erythrocytes but not on p1k, P2k, or p erythrocytes,
this structure may be required for receptor recognition by
Pap-2 fimbriae. However, GalNAcP1-*3Gal does not appear
to be the entire receptor structure and may only be part of an
extended glycolipid structure that serves as the complete
receptor for Pap-2 fimbriae. The data indicate that the
receptor epitope recognized by Pap-2 fimbriae on erythro-
cytes may be found on the Forssman antigen and on a
P-related blood group antigen from human erythrocytes.

Our present experiments demonstrate that purified fim-
briae from the pap and pap-2 clones are capable of adhering
to structures within the human urinary tract and that
GalNAcP1-*3Gal, but not Galal-*4Gal, blocks adherence
of Pap-2 fimbriae to Bowman's capsule. PNA recognizes
GalP1-*3GalNAc and binds to Bowman's capsule, occa-
sional cells within glomeruli, distal tubules, and collecting
ducts of the human kidney (7-9, 42). Pap-2 fimbriae and PNA
bind to Bowman's capsule and the luminal surfaces of some
collecting ducts, but the binding is not identical.

Several conclusions may be drawn from our experiments.
First, there are receptor binding sites for Pap and Pap-2
fimbriae in both the upper and lower urinary tract. Second,
Pap and Pap-2 fimbriae express differential tissue tropisms in
the kidney. These tropisms are not the same as those of
KS71A fimbriae, as described by Korhonen et al. (19).
Third, the receptor for Pap-2 fimbriae requires the presence

TABLE 1. Adhesion of purified fimbriae or inhibition of adhesion to frozen human tissue sections

Adhesion

Prepn Kidney Renal pelvis Bladder

Glomerulus Bowman's capsule Tubules uroepithelium Uroepithelium Smooth muscle

Pap ++ - +/- ++ ++ ++++
Pap-2 +++ +- ++ ++
Control, PNA lectin - ++ +++- - -
Pap-2 + Galotl-4Gal + +++ +- a NT NT
Pap-2 + GalNAcp1-+3Gal + +l- +/- NT NT NT

a NT, Not tested.
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of N-acetylgalactosamine. The disaccharide Galal-*4Gal is
not adequate for inhibition of Pap-2 fimbrial adherence;
however, GalNAc,31--3Gal does block Pap-2 fimbrial bind-
ing to Bowman's capsule.
We therefore suggest that although there are many sero-

logically or genetically identified and characterized P fim-
briae, the adhesive properties within the P fimbrial family are
diverse. P fimbriae cannot simply be categorized as having a
Galatl-4Gal minimal receptor specificity. There appear to
be subtle differences in receptor recognition in the kidney.
Within a single clinical isolate, more than one P fimbrial
subtype may be encoded and expressed, as in J96. These
multiple fimbrial subtypes, likely carried on separate bacte-
rial subpopulations (29, 37), may provide the bacteria with
adherence to multiple receptor sites within the urinary tract,
with the advantage of increased opportunities for each
bacterial cell to bind to separate tissue elements and estab-
lish infection.
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