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The frequency of selected papA DNA sequences among 89 digalactoside-binding, uropathogenic Escherichia
coli strains was evaluated with 12 different synthetic 15-base probes corresponding to papA genes from four
digalactoside-binding piliated recombinant strains (HU849, 201B, 210B, and 200A). The papA probes encode
amino acids which are common at the carboxy terminus of all strains, adjacent to the proximal portion of the
intramolecular disulfide loop of strain 210B, or predicted to constitute the type-specific epitope for each of the
four recombinant strains or other epitopes of strain HU849. The presence among the strains of DNA sequence
homology to the papA probes was determined by in situ colony hybridization. Hybridization data suggest that
there is a high frequency of homologous papA DNA sequences corresponding to selected regions of the papA
gene from strain HU849 among the clinical strains. The following nucleotide locations which encode portions
of the mature HU849 PapA are detected in a high percentage (42 to 70%) of clinical isolates: 208 to 222, 310
to 324, 478 to 492, 517 to 531, 553 to 567, and 679 to 693. These sequences encode portions of the predicted
protective, immunogenic, and/or antigenic epitopes of this PapA. The data also indicate considerable
heterogeneity of papA sequences among the strains, especially in the region of nucleotide bases corresponding
to positions 391 to 418. These oligonucleotides encode the predicted PapA type-specific inmunogenic dominant
epitope. Determination of the extent of genetic variability in the papA gene among digalactoside-binding strains
will require more extensive DNA sequencing of prototypic papA genes, additional hybridization studies
employing other papA gene oligonucleotide probes, and assessment of the different pap operons and their copy

number in each strain.

Adherence of Escherichia coli to uroepithelial cells is an
important pathogenic step in the development of urinary
tract infections. There are a number of adhesins expressed
by uropathogenic E. coli strains (viz., Pap, mannose, AFA,
Dr, S, and MN) which might mediate uroepithelial attach-
ment (1, 7, 14, 24, 26, 29, 30, 38, 40, 41). However,
pyelonephritogenic strains are characterized by a high fre-
quency of pili associated with a-D-Galp-(1-4)-B-D-Galp (Gal-
Gal) binding (1, 18, 27, 33, 38). The Gal-Gal-binding pheno-
type is considered crucial to the pathogenesis of
nonobstructive, ascending urinary tract infections in the
anatomically normal host (8, 9, 25). This is probably due to
the absence of a natural host defense factor in urine to
prevent Gal-Gal pili from binding to uroepithelial cells (25).
In contrast, uromodulin (also termed Tamm-Horsfall pro-
tein) in urine abrogates adherence of mannose-binding bac-
teria to uroepithelial cells in vivo (28) or the binding of
purified mannose pili to its receptor in vitro (25). Digalacto-
side-binding pili have been variably termed Pap pili (pili
associated with pyelonephritis) or P pili because they bind to
the P, blood group antigen, a globoside containing Gal-Gal
that is present on human erythrocytes, uroepithelial cells,
and a variety of other epithelial cells (12, 16, 17).

Many pap gene clusters have been cloned, and some have
been extensively studied (2-4, 10, 11, 19-21, 23, 26, 31, 32,
33, 34, 39, 41-44). There are strains which simultaneously
harbor multiple copies of different pap operons (3, 32). A
pap operon encodes at least nine polypeptides involved in
the biogenesis of receptor-binding pili (23, 39). In brief, the
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pili are heteropolymers composed of a major pilin subunit,
PapA, and three minor tip-located proteins, PapE, PapF,
and PapG (20, 23, 39). Expression of Pap pili and the adhesin
requires synthesis of papC and papD gene products. PapC
and PapD are required for the assembly of pilin subunits (A,
E, F, and G) into a fiber at the cell surface (11, 23).
Transcomplementation analysis has indicated that PapG is
the Gal-Gal-specific adhesin, although PapF is also required
for receptor specificity (20). The PapA protein is not re-
quired for specific binding; however, attempts to develop
effective vaccines for immunoprophylaxis against E. coli
urinary tract infections have employed this polypeptide
since it is the most abundantly produced and immunogenic
of the pap gene products (25, 31, 35). Anti-PapA immuno-
globulin G (IgG) in the urine correlates with protection
against subsequent colonization by homologous and heter-
ologous PapA-piliated challenge strains (31, 35). The precise
mechanism of protection afforded by anti-PapA IgG has not
been elucidated. We have determined that specific PapA
antibody does not prevent epithelial attachment or directly
influence pilus expression, since the rate of spontaneous
phase variation of Gal-Gal-binding wild-type E. coli isolates
is not affected by culturing bacteria in broth or on agar in the
presence of specific PapA antibody. We suspect that the
antibody-coated bacteria are subjected to stress or impaired
growth and/or more readily cleared as aggregates from the
urinary tract.

The linear immunogenic and antigenic structures of the
PapA pilin from the HU849 recombinant strain have been
previously evaluated with polyclonal IgG and nine synthetic
peptides corresponding to regions that span the major pilin
sequence predicted to contain hydrophilic B turns (36).
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TABLE 1. Characteristics of control strains
L. . Molecular mass
E. coli .. Binding F-antigen S
strain Origin status? status PapA pilin’ (kDal)Jicl)itl" fapA Reference(s)
J96 Pyelonephritis Gal-Gal, MS F13 + 17.5 10, 29
HU849 Recombinant Gal-Gal F13 J96 DNA 17.5 10, 29, 31
SH48 Recombinant MS - 10, 29, 31
C1212¢ Cystitis Gal-Gal, MS F7,, F7, + 21.0, 17.0 26, 42
201B Recombinant Gal-Gal F7, C1212 DNA 21.0 32
210B Recombinant Gal-Gal F7, C1212 DNA 17.0 32
3669 Pyelonephritis Gal-Gal, MS F9 + 19.0 31,36
200A Recombinant Gal-Gal F9 3669 DNA 19.0 32
HB101 K-12, laboratory Negative - 10

“ Binding status refers to the ability of the strain to bind mannose or Gal-Gal latex beads (MS, mannose binding; Gal-Gal, digalactoside binding).

b PapA pilin refers to whether a strain expresses PapA pilin or the source of DNA to construct the recombinant digalactoside-binding strain.

¢ The molecular mass of PapA pilin was determined by the relative mobility of Coomassie blue-stained bands in 12.5% polyacrylamide separating gels when
25 to 50 pg of purified pili (26) were subjected to SDS-polyacrylamide gel electrophoresis (15).

4 C1212 (06:K2:H1) (29) was originally isolated from a woman with cystitis and first identified as strain AD111 by van den Bosch et al. (41). Unfortunately,
we have inadvertently reported elsewhere (35) that strain C1212 is strain AD110, which is not correct (27b). AD110 strain is the same as strain C1210 (26, 27b).

There were at least five linear immunogenic epitopes con-
tained within this 163-amino-acid PapA polypeptide. Pep-
tides corresponding to amino acid residues 25 to 38 (R
25-38), R 38-50, and R 48-61, which jointly constitute the
single intramolecular disulfide loop, and R 103-116 were
bound at low titers. A prominent immunogenic epitope was
identified by a peptide corresponding to R 65-75. In fact, this
particular region (R 65-79), which is just distal to the
disulfide loop of PapA pilins, constitutes the type-specific,
immunogenic dominant epitope for this polypeptide family
(36). The hypothesis that this portion constitutes a type-
specific PapA epitope is supported by similar results from
additional studies employing synthetic peptides correspond-
ing to this region from 200A, 201B, and 210B recombinant
digalactoside-binding strains (31) and specific PapA poly-
clonal IgG antibodies (24a). Also, two prominent antigenic
epitopes for HU849 PapA pilin were localized to peptides
corresponding to R 5-12 and R 93-104; two minor antigenic
epitopes were localized to peptides corresponding to R 65-75
and R 119-131. None of the peptide antisera bound PapA
pilins from heterologous Gal-Gal-binding strains, except
anti-R 93-104 and anti-R 5-12 IgG (35, 36). Fifty-eight to
80% of Gal-Gal-binding strains were serologically cross-
reactive to anti-R 93-104 or anti-R 5-12 IgG. Furthermore,
evidence indicates that linear protective epitopes are located
between R 5-12 and the type-specific immunogenic domain
(R 65-75) for the HU849 PapA (35). Mice vaccinated with
these peptides were protected from experimental E. coli
pyelonephritis upon challenge with a homologous strain (35).
(Immunogenic epitopes refer to a particular domain in the
native protein that is recognized by the immune system and
elicit antibodies able to bind synthetic peptides correspond-
ing to this domain. Antigenic epitopes refer to domains that
are recognized in the native protein by antibodies engen-
dered by synthetic peptides corresponding to that region of
the protein. Protective epitopes refer to synthetic peptide
vaccines which protect BALB/c mice from experimental E.
coli pyelonephritis [25].)

In the present study, we have determined the frequency of
homologous papA DNA sequences among uropathogenic
digalactoside-binding E. coli strains by employing synthetic
oligonucleotides corresponding to specific structural or pre-
dicted B-turn determinants of four sequenced papA genes (4,
26a). Results from this study extend our understanding of the
molecular epidemiology of the papA gene and provide a

basis for future vaccine developments for immunoprophy-
laxis against E. coli urinary tract infections.

MATERIALS AND METHODS

Bacteria. A total of 89 digalactoside-binding E. coli strains
were studied that were originally isolated over a 25-year
period from the urine of patients living in geographically
diverse locations in the United States. On the basis of
rigorous radiological studies and clinical definitions (27), 37
isolates were classified as obtained from individuals with
anatomically normal urinary tracts with a specific urinary
tract infection. Eleven were from women with acute pyelo-
nephritis; 16 were from women with acute cystitis; 5 were
from women with recurrent cystitis; and 5 were from males
with acute urethritis. These 37 isolates were also assessed
for O serotype. They were distributed among 10 different O
serotypes: 2, 4, 6, 7, 18, 23, 50, 75, 86, and 132. The
remaining 52 isolates were from adults with undetermined
urinary tract anatomy and not well-defined clinical syn-
dromes of symptomatic urinary tract infection. Control
strains that were employed in this study are listed in Table 1.
HUS849, 201B, 210B, and 200A are recombinant strains
which harbor a pap operon (10, 31). They were grown and
maintained on Luria agar supplemented with ampicillin (50
pg/ml).

Gal-Gal binding assays. Gal-Gal binding by bacteria was
assessed by either latex agglutination or hemagglutination
assays. Bacterial strains were grown on MacConkey agar at
37°C and harvested at 18 to 24 h into 0.1 M phosphate-
buffered saline, pH 7.4 (PBS), at a concentration =10%
CFU/ml based on optical density. These bacteria were then
employed in the assays. In the latex agglutination assay (26),
synthetic a-D-Galp-(1-4)-B-D-Galp with an 8-methoxycar-
bonylactyl-glycoside linker was absorbed to latex beads
(Chembiomed Ltd., Edmonton, Alberta, Canada). Equal
volumes (50 pl) of bacteria were mixed with a 1% (vol/vol)
latex suspension in PBS and assessed for slide agglutination.
Lactose absorbed to latex was used as a negative control. In
the other assay (26), the bacterial suspensions were first
assessed for mannose-resistant hemagglutination with hu-
man blood group OP, erythrocytes at a final concentration of
2% (vol/vol) in PBS supplemented with 4% (wt/vol) D-man-
nose. Equal volumes (50 ul) of the bacterial and erythrocyte
suspensions were mixed and assessed for hemagglutination.
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TABLE 2. Synthetic papA oligonucleotides corresponding to B turns, intramolecular disulfide loops, and carboxy-terminal
regions of four different papA genes

papA origin . . Oligonucleotide sequence
Probe Location /Of probe f;uclggtlde (5'—3’) and amino acid Comment
Parent Recombinant sequence/amino acid residues) sequence (NH,—~COOH)
1 C1212 210B 679-693/163-167 ACC CTG ACT TAT CAG Common COOH-terminal sequence
N L T Y Q for all 4 papA genes
2 Cl1212 210B 252-266/21-24 A CCA TCT GGT ATT GA  Corresponds to first cysteine residue
P [ G I that forms a disulfide loop
3 C1212 210B 391-405/67-71 AAA AAA GCT GCT GGC Predicted type-specific epitope
K K A A G
4 C1212 201B 402-416/67-71 AAA CAG CTT CAA GGC Predicted type-specific epitope
K Q L Q G
5 3669 200A 404-418/65-69 AAA AAG GCA GCT ACA Predicted type-specific epitope
K K A A T
6 J96 HU849 394-408/67-71 AAA GGT GGT AAT GGC Predicted type-specific epitope
K G G N G
7 J96 HU849 208-222/5-9 CCA .CAG GGG CAG GGT Corresponds to clonal antigenic and
P Q G Q G protective epitopes
8 J96 HU849 310-324/39-43 TCA AAA AGC TTC CTT Corresponds to immunogenic
S K S F L epitope within loop
9 J96 HU849 346-360/51-55 CCA ATG GAC TTA GAT Corresponds to immunogenic
P M D L D epitope within loop
10 J96 HU849 478-492/95-99 ACA AAT GGT GGT ACG Corresponds to a clonal antigenic
T N G G T epitope
11 J96 HU849 517-531/108-112 GCA GGT AAA AAC GTT Corresponds to an immunogenic
A G K N v epitope
12 J96 HU849 553-567/120-124 GAT GCT AAT ACC CTG Corresponds to an antigenic epitope

D A N T L

All mannose-resistant hemagglutination-positive bacteria
were assessed for specific hapten inhibition of hemaggluti-
nation by mixing bacteria with Gal-Gal at a final concentra-
tion of 2% (wt/vol). After preincubation of the mixture for 1
h at room temperature, an equal volume of a 4% erythrocyte
suspension with mannose was added and the mixture was
assessed for agglutination.

Synthetic oligonucleotide probes. Twelve different 15-base
oligonucleotides were synthesized (Table 2). The selection
of oligonucleotides for synthesis corresponding to DNA
segments of four known papA gene sequences (4, 26a) was
based on one of three criteria. Probe 1 was selected because
it represents a common DNA sequence at the carboxy
terminus of the four papA genes. Probe 2 corresponded to a
sequence from the papA gene from strain 210B that is
adjacent to the proximal portion of the intramolecular disul-
fide loop. The presence of a cysteine-cysteine loop which
involves R 22-61 is a discriminating feature of this polypep-
tide family (26). Probes 3 through 12 were selected based, in
part, on their encoding predicted B turns according to the
algorithm of Chou and Fasman (5). Probes 3 through 6
correspond to the selected four encoded amino acids as-
sumed to constitute the type-specific, immunogenic domi-
nant epitope for each of the four recombinant pili. The
remaining six probes corresponded to the selected four
encoded amino acids assumed to constitute either immuno-
genic or antigenic epitopes for the PapA protein from strain
HU849 (36). The oligonucleotides were synthesized by cy-
anoethyl chemistry with an Applied Biosystems 380A DNA
Synthesizer (Foster City, Calif.) and purified as recom-
mended by the manufacturer. Purified oligonucleotides were
5’ end labeled with [y-*2PJATP (3,000 Ci/mmol) and T4
polynucleotide kinase (22). The specific radioactivity of the
probes was approximately 10® and 10° cpm/pg.

Colony hybridization. Bacterial colonies were replica

plated onto nitrocellulose filters and screened by in situ
hybridization. After 12 h of growth at 37°C, duplicate filters
were made, denatured, neutralized, and baked at 80°C for 2
h as described by Grunstein and Wallis (6). The filters were
washed three times in 3X SSC (standard saline citrate; 1X
SSC is 0.15M NaCl plus 0.015 M sodium citrate [pH 8.0])—
0.1% sodium dodecyl sulfate (SDS) for S min at room
temperature and once in 3X SSC-0.1% SDS for 90 min at
50°C to remove bacterial debris. Filters were prehybridized
for 12 h in 5% SSC-5x Denhardt’s solution (1x Denhardt’s
solution is 0.02% bovine serum albumin, 0.02% Ficoll and
0.02% polyvinylpyrrolidone)-0.5% SDS-0.05% Na,P,
O, - 10H,0O—-denatured salmon sperm (100 pg/ml) at 37°C.
The filters were hybridized in this solution containing 10°
cpm of labeled oligonucleotide per ml at 2 to 5°C below the
calculated T, (temperature of dissociation), at which a
perfectly matched hybrid will be half disassociated. T, was
calculated as described by Suggs et al. (37): T, = 4°C per GC
base pair + 2°C per AT base pair. The temperature for
hybridization was 37°C for all probes, except that for probe
8, which was carried out at 35°C. Filters were then washed
four times for 10 min each at room temperature in 6X
SSC-0.05% Na,P,0, - 10H,O and once at 37°C for 30 min
and exposed to X-ray film at —70°C for 12 h. After autora-
diography, filters were routinely rewashed once at 45°C in
6x SSC-0.5% Na,P,0, - 10H,0 and exposed again to X-ray
film as described above to assess the stringency of the
hybridization. Additional washes above 45°C were per-
formed to assess the specificity of the hybridization reaction.
All in situ hybridizations under the different conditions of
stringency were repeated at least two times as described to
ensure consistency of results. Each filter contained at least
one positive control (viz., the recombinant strain from which
the probe was derived) and a standard negative control
(strain HB101).
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FIG. 1. Colony hybridization of 26 E. coli strains with probe 7
(including controls). (A) 5'-end-labeled 3*P-probe 7 was hybridized
to the filter at 37°C overnight, washed with 6x SSC-0.5%
Na,P,0; - 10H,0 at 37°C, and exposed to X-ray film. (B) The same
filter was rewashed as described above at 45°C and again exposed to
X-ray film.

RESULTS

Assessment of positive hybridization. Eleven synthetic oli-
gonucleotide probes corresponding to four different papA
gene sequences (probes 2 to 12) and one probe correspond-
ing to a common sequence at the carboxy terminus of these
papA genes (probe 1) were employed in in situ colony
hybridization (Table 2). All probes were 15 bases in length.
In general, the pattern of colony hybridization for any given
probe for a specific isolate was distinct and varied little from
experiment to experiment. The intensity of a positive hybrid-
ization signal for any one probe among the clinical isolates
exhibited variability: strong dark to gray (Fig. 1A). In
addition, comparison of hybridization intensity between
probes showed a similar degree of variability. In this report,
we define a positive hybridization reaction as one that
exhibited a signal following a 45°C wash and autoradiogra-
phy (Fig. 1B). The only exception to this designation was the
criterion employed for probe 8. We observed that the
hybridization signal for probe 8 to its positive control was
removed from the filter following a 45°C wash. Based on
empiric observations, we defined a positive hybridization for
probe 8 as one that exhibited a hybridization signal following
a 37°C wash and autoradiography. All hybridization signals
were removed from the filter after a 50°C wash, including
those of the positive controls (data not shown). In addition,
E. coli HB101 (the standard negative control) showed an
occasional weak gray hybridization signal with some of the
probes (probes 2 and 9 through 12) following the 37°C wash.
There was, however, no detectable hybridization signal for
any of the probes with strain HB101 following a 45°C wash.
In contrast, E. coli SH48 (the other negative control) did not
produce hybridization signals with any of probes following
the 37°C wash. Table 3 summarizes the colony hybridization
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TABLE 3. Hybridization of E. coli control strains with 12
different papA gene probes

Hybridization with oligonucleotide probe”

4 5 6 7 8 9 10 11 12

E. coli
strain®

—
~N
w

HB101
SH48
HUB849
201B
210B
200A
J96
C1212
3669

|
|
|
|
+
+
+
+
+
+
+

+ A+
+ 1
+ 1
+ 1
L1+
I+
I+
I+
L+
L+
I+
I+ 1

p— —_ pa— + p— p— —_ —_ p— - p—

4 Strain HB101 is a laboratory K-12 derivative that lacks mannose-binding
and pap operons. This strain was employed to harbor the mannose-binding
pilus operon plasmid for recombinant strain SH48 and the pap operon for
recombinant strains HU849, 201B, 210B, and 200A. SH48 and J96 contain
homologous mannose-binding pilus operons. HU849 and J96 contain homol-
ogous papA genes; 201B and 210B papA genes are derived from the C1212;
200A and 3669 contain homologous papA genes.

® The nucleotide sequence and location of the 12 different synthetic papA
oligonucleotide probes are shown in Table 2.

results for the control strains for all 12 papA probes. In each
case, the oligonucleotide probe hybridized strongly with the
positive control strain from which the probe sequences were
derived. There was no hybridization signal detectable when
probes which had a different papA DNA sequence were
employed in reactions with control strains. All positive
control strains, which share an identical carboxy-terminal
sequence (represented by probe 1), hybridized as expected.
Negative controls, strains HB101 and SH48, did not hybrid-
ize with any of the probes according to our definitions of a
positive result.

Distribution of papA probes. Figure 2 summarizes the
hybridization results for the 89 clinical isolates that exhibit
Gal-Gal binding. All clinical isolates hybridized with probe
1. Probes 7, 8, 10, 11, and 12 also demonstrated a high
frequency of homologous papA DNA sequences among the
clinical isolates. These five probes are derived from the
papA gene of strain HU849. Probes 7, 8, 10, 11, and 12
hybridized with 62 (70%), 46 (52%), 47 (53%), 44 (49%), and
37 (42%) of the 89 digalactoside-binding clinical isolates,
respectively. In contrast, probes 3, 4, and 6 hybridized to
only one strain each of the clinical isolates; probe 5 did not
hybridize to any of the 89 clinical isolates.

Based on these data, Fig. 2 illustrates the 18 different
patterns of hybridization (hybridization groups). We define a
hybridization group as a group of clinical isolates that
hybridize uniquely with a specific set of probes. For exam-
ple, the 12 clinical isolates in hybridization group 16 each
hybridized to probes 1, 2, 7, 8, 10, 11, and 12 (Fig. 2). No
other group of clinical isolates had an identical pattern of
hybridization. Excluding the common papA gene probe
(probe 1), 75 (84%) of the 89 clinical isolates exhibited
positive hybridization with at least one probe derived from
the papA gene from the HU849 recombinant strain. In
addition, 39 (44%) of the 89 strains hybridized with at least
four unique probes corresponding to HU849 papA se-
quences. Only one clinical isolate in hybridization group 17
hybridized with all seven unique papA probes corresponding
to strain HU849 sequences (Fig. 2). Nineteen (21%) of the 89
clinical isolates exhibited positive hybridization with at least
one unique papA probe corresponding to 210B recombinant
strain sequences (Fig. 2).
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FIG. 2. Distribution of 89 digalactoside-binding E. coli strains, isolated from the urine of patients, into 18 hybridization groups. The
numbers on the bottom indicate the hybridization group. The numbers on the far left indicate which oligonucleotide probe was used (Table
2). The numbers on the far right indicate the total number of isolates that hybridized with each oligonucleotide probe. The number under each
box indicates the total number of isolates in a hybridization group (as described in the text) that hybridized with one or more oligonucleotide
probes. The length of each box is proportional to the number under each box; probes derived from HU849 are indicated by a solid box; the
probe derived from 201B is indicated by a black and white box; probes derived from 210B are indicated by an open box; and the common
oligonucleotide sequence at the carboxyl terminus is indicated by a horizontally hatched box.

Table 4 lists the hybridization groups according to the
clinical origins of each E. coli isolate. There was no obvious
distribution for the hybridization groups among the 37 well-
defined clinical isolates causing a specific urinary tract
infection syndrome. In addition, when the hybridization
results for these 37 well-defined clinical isolates were com-
pared with their O serotypes, no correlation was observed
(data not shown). It appears that the clinical isolates from
symptomatic urinary tract infections are broadly distributed
among the hybridization groups. It is noteworthy, however,
that there is a high frequency of homologous papA DNA
sequences among the 89 digalactoside-binding clinical iso-
lates corresponding to probe 7. Nine (82%) of 11 pyelone-
phritis strains, 11 (69%) of 16 cystitis strains, and 38 (73%) of
52 uropathogenic strains hybridized to probe 7 (based on
analysis of data from Table 4 and Fig. 2).

papA organization. Table 5 indicates the percentage of
clinical isolates which display identical hybridization pat-
terns for each of the probes when two probes are compared.
The percentage of isolates that gave identical hybridization
patterns was calculated by adding the number of isolates
positive for both probes and dividing by the total number of
isolates positive for either probe. For example, 37 (84%) of
44 clinical isolates had an identical hybridization pattern
when probes 11 and 12 were employed (Table S). The
percentage of clinical isolates that displayed an identical
papA hybridization pattern with selected pairs of probes
corresponding to the papA DNA sequences from strain
HU849 ranged from 31 to 84% (Table S). Identical hybrid-
ization patterns between combinations of the other probes

(probes 2 through 6 and 9) were calculated and found to be
considerably less (viz., <20%) (data not shown).

DISCUSSION

We examined the frequency of papA homologous DNA
sequences among 89 digalactoside-binding E. coli isolates
from patients with symptomatic urinary tract infections. We
employed 12 different 15-base synthetic oligonucleotides
that encode amino acid residues either predicted to corre-
spond to B turns which constitute epitopes or to be at
common locations within the mature PapA proteins encoded
by four papA genes. The majority of papA gene probes were
derived from strain HU849, corresponding to portions of its
immunogenic, antigenic, and/or protective epitopes (35, 36).
In this report, the colony hybridization data suggest a high
frequency of homologous papA DNA sequences corre-
sponding to selected regions from strain HU849. These data
provide the impetus for more accurately determining the
diversity of the papA gene among clinical isolates in order to
develop vaccines against PapA. Because most clinical iso-
lates contain two or more pap operons and because colony
hybridization cannot distinguish whether the sequence ho-
mology of the multiple DNA probes used here is due to
homologous sequences on separate operons in a given strain,
we suspect that the genetic diversity of papA genes is much
more extensive than we can estimate from colony hybridiza-
tion data. Future hybridization studies which specifically
evaluate the genetic diversity of the papA gene in clinical
isolates must assess the number of different pap operons

TABLE 4. Distribution of papA hybridization groups among uropathogenic E. coli strains

Total no.

No. of strains in hybridization group:

Clinical syndrome of strains 1 2 3 4 5 6

7 8 9 10 1 12 13 14 15 16 17 18

Acute pyelonephritis 11 1 3

Acute cystitis 16 2 2 1 2
Acute urethritis S

Recurrent cystitis 5 3

Undefined 52 8 1 7 1 1

—
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S
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TABLE S. Percentages of clinical isolates which display identical
papA hybridization patterns between probes derived from
the recombinant strain HU849¢

% of isolates with identical hybridization

Hybridization pattern pattern with probe:

with probe:
8 10 11 12
7 74 51 64 52
8 43 84 69
10 36 31
11 84

“ The percentages of clinical isolates which displayed an identical papA
hybridization pattern between probes is above the diagonal. An identical
hybridization pattern is defined as the pattern observed when two probes
hybridize to a given clinical isolate. The percentage was calculated by adding
the number of isolates positive for both probes divided by the total number of
isolates positive for either probe and multiplying by 100. The data were
derived from Fig. 2.

harbored by each strain (3, 32). Future work will include
screening strains by Southern blots of restriction fragment
polymorphisms with papA probes.

The hybridization results reveal that among the clinical
isolates there was a high frequency of papA homologous
DNA sequences derived from the HU849 recombinant
strain. This result may be due to probe selection bias since 7
to the 11 unique papA gene probes employed in this study
were derived from the sequence of the papA gene of strain
HU849. Excluding a probe representing a portion of the
type-specific epitope (probe 6) and a probe corresponding to
a portion of a minor immunogenic epitope within the disul-
fide loop (probe 9), the remaining five probes unique for
HU849 papA DNA hybridized with 42 to 70% of the 89
uropathogenic, digalactoside-binding clinical isolates. This
might not be surprising since other investigators (4, 13, 34,
42-44) have suggested that the papA genes of strain HU849
and other digalactoside-binding strains may have evolved
from a common ancestral gene. The high prevalence of
conserved regions in the papA genes supports the concept
that broadly cross-protective PapA pilus vaccines can be
developed. For example, probe 7 hybridized to 62 (70%) of
89 digalactoside-binding uropathogenic strains. Further se-
quence analysis of this region (R 5-12) in digalactoside-
binding strains by genetic or protein sequencing methods
might be worthwhile since it has already been demonstrated
that this region constitutes both an antigenic and a protective
epitope for one PapA against pyelonephritis (35). These data
could provide a rational basis for new vaccine development.

We consider the absence of hybridization of any of the 11
unique papA gene probes to the clinical isolates to be due to
papA DNA sequence divergence and not to the absence of a
papA gene. This assumption is based on a number of
characteristics of the strains. First, all the clinical isolates
express digalactoside binding. Second, all the clinical iso-
lates hybridized with probe 1, which corresponds to a
conserved nucleotide sequence at the carboxyl terminus of
the four papA genes. Third, the 89 clinical isolates hybrid-
ized to all 13 different restriction fragments derived from
strain HU849, ranging in size from 500 to 1,800 bases, which
span the entire pap operon, including restriction fragments
within the papA gene (27a). Finally, the strong concordance
of positive signals observed among the clinical isolates for a
number of selected combinations of papA probes derived
from HU849 sequences suggest the presence of a papA gene.
We assume that sequence divergences as little as a single-

INFECT. IMMUN.

base-pair difference in selected regions of the papA gene
would account for the lack of hybridization observed among
the clinical isolates, given the stringency of the hybridization
conditions used in this study.

The hybridization data also suggest that selection pressure
on the papA gene to diverge is not random. For example,
probe 7 and 1 sequences, which are derived from regions
corresponding to the amino or carboxy terminus, respec-
tively, are not extensively divergent among clinical isolates.
They are 70 to 100% homologous among the 89 digalacto-
side-binding clinical strains. These nonimmunogenic regions
could be conserved either because there was no selective
advantage for mutations in this region or because these
regions are essential for pilus biogenesis (12, 34, 42-44).
They might be involved in the translocation of PapA to the
cell surface by interacting with accessory pap proteins (4,
13, 42-44). It is interesting that the COOH region of PapA
pilins is absolutely conserved among strains which exhibit
Gal-Gal binding and might likely be the location where PapD
interaction occurs. Hultgren and coworkers (11) have shown
that the PapG adhesin of uropathogenic E. coli contains
separate regions for receptor binding and for interaction with
other pap gene products. The receptor-binding domain was
mapped to the amino-terminal half of the adhesin, whereas a
hydrophobic preassembly domain which is necessary for the
formation of a complex with PapD was located near the
carboxy terminus. In the model of pilus assembly, they also
suggest that a PapA-PapD complex might occur in the
cytoplasm (11). It is possible that the conserved PapA
portion at the carboxy terminus is involved with PapD
interaction. Furthermore, 84% of the clinical isolates hybrid-
ized to a combination of probes 8 and 11 and probes 11 and
12 despite 193 and 22 bases intervening between these
regions, respectively (Table 5). In contrast, there is much
more discordance when other combinations of probes are
examined in this manner (e.g., 36% concordance when
probes 10 and 11 are employed despite only 25 bases
intervening between these probes). We suggest that the
observed variation in different regions cannot be explained
by random point mutations or base substitutions alone. The
large variations seen within a pair of probes are probably due
to genetic recombination between papA genes. This assump-
tion is in agreement with previous studies of restriction
fragment polymorphisms with virulence-associated operons
and hybridization studies employing large fragments of the
pap operon of uropathogenic E. coli isolates (2, 3, 32, 34).
They have shown that there is considerable diversity within
pap cistrons which can be explained by inter- and intrachro-
mosomal recombinations. Also, only 3 (3%) of the 89 clinical
isolates hybridized to probes 3 through 6. These probes
correspond to portions predicted to encode the putative
PapA type-specific epitope (36). This result is not surprising
since the highest degree of genetic diversity occurs in this
region of the papA gene, based on the analysis of other papA
genes sequenced by other groups (4, 42—44) and the four
complete papA gene sequences of recombinant strains used
in this study (26a). It also probably explains the serological
diversity of Gal-Gal pili of E. coli strains. Furthermore, the
fact that many of these strains might possess multiple pap
gene copies suggests that the diversity is even more exten-
sive.

In summary, results from this study extend our under-
standing of the molecular epidemiology of the papA gene
among uropathogenic, digalactoside-binding E. coli strains
(2, 3, 32, 34). Data indicate that the DNA sequence which
encodes a portion of the protective epitope in the amino
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terminus of one PapA (of strain HU849) is frequently har-
bored by uropathogenic strains. This provides further sup-
port that a human vaccine trial employing this epitope is
warranted and might be expected to provide broad protec-
tion against E. coli pyelonephritis (35). However, other
papA regions were not homologous to the papA gene of
HUB849, suggesting sequence divergence. The greatest ge-
netic variability occurs in the region which encodes the
predicted type-specific epitope of the mature PapA protein.
It seems likely, therefore, that PapA vaccines composed of
this epitope would be more likely to select for antigenic
escape variants than would those made up of the more
genetically conserved region at the amino terminus. To
further assess the genetic variability of the papA gene among
these strains, a number of other studies are required. They
include Southern blot analysis of restriction fragment poly-
morphism, DNA sequencing performed on some or all of the
strains, and the use of additional oligonucleotide probes
corresponding to other papA genes (e.g., from strains 200A,
201B, and 210B). These studies will be required to phyloge-
netically characterize the papA gene among strains that
cause urinary tract infections.
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