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Escherichia coli K-12 strains producing S-fimbrial adhesins, F1C fimbriae, and mutagenized fimbriae were
tested in a binding assay with a renal tubular cell line. S-fimbrial adhesins and F1C fimbriae mediated binding
to tubular cells. The SfaA, SfaG, and SfaS subunits of S fimbriae contributed to attachment. Site-specific
mutations in the sfaS gene reduced binding. The inhibition profile of F1C fimbriae resembled that of S fimbriae.

The adherence of bacteria to receptors on eucaryotic cells
is regarded as the first step in infectious diseases. It is
mediated by adhesins, which may be located on the tips of
the fimbriae, filamentous protein appendages of up to 2 pm
in length (6). Different fimbriaec have been identified in
Escherichia coli causing extraintestinal infections, such as
urinary tract infections and newborn meningitis (7, 16).
S-fimbrial adhesins expressed by strains causing newborn
meningitis or urinary tract infections attach to glycoproteins
terminating with «-sialyl-acid-2-3-B-galactosamine (14). F1C
fimbriae mediate no hemagglutinating activity, and their
binding specificity has not been identified. The determinants
coding for S and F1C fimbriae belong to one adhesin family
and are genetically and immunologically related (11, 12, 19).
The fimbrial adhesin complexes of S and F1C fimbriae
consist of major and minor protein subunits (8, 11). For
S-fimbrial adhesins it has been shown recently that the minor
subunit protein SfaS mediates hemagglutinating activity (18).

In this report, we present data on the tubular cell adher-
ence of E. coli cells harboring wild-type and mutagenized
gene determinants of S and F1C fimbriae. Inhibition studies
were performed to gain preliminary information on the
receptor structure specific for F1C fimbriae.

All E. coli strains tested were grown on Loeb agar
supplemented with antibiotics if appropriate. The recom-
binant DNAs are indicated in Fig. 1. E. coli HB101
(pPANNB801-13) produced the S-fimbrial adhesin complex (1,
4). In strains HB101(pANNS801-1), HB101(pANN801-1320),
HB101(pANNS801-1321), and HB101(pANN801-13/TnS-033),
the major and minor subunit genes sfaA, sfaG, sfaS, and
sfaH, respectively, were mutagenized separately (4, 18).
The clones HB101(pANNB801-116), HB101(pANN801-118),
and HB101(pANN801-122) carry site-specific mutations in
the gene sfaS coding for the sialic acid-binding adhesin
(9). Strain HB101(pPIL110-54) codes for F1C fimbriae,
and strain HB101(pANN801-E4) as well as strain HB101
(pPANNB801-C25) produce F1C-fimbrial-S-fimbrial hybrid ad-
hesins (11, 19). All recombinant plasmids were transformed
in the E. coli K-12 strain HB101.

Fimbriation of the strains was tested by electron micros-
copy and by an enzyme-linked immunosorbent assay
(ELISA) with fimbria-specific monoclonal antibodies as de-
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scribed previously (2, 4, 8, 17). Hemagglutination was tested
in microtiter plates by a quantitative assay as described
previously (9, 18). Antisera against heat-killed E. coli K-12
were produced in rabbits by intravenous injections of 50 to
200 pg of bacteria on days 0, 4, 7, 11, 16, 52, and 62.
Adherence to the renal tubular cell line LLC-PK, (pig
kidney) (5) (ATCC CL 101) was determined by an ELISA
basically as described by Fujita et al. (3) and Ofek et al. (10)
with some modifications. The cells were placed in wells of a
96-well plate (Linbro; Flow Laboratories). When the cells
had grown to a confluent monolayer without gaps, the
medium was removed and 1.25% glutaraldehyde was added
for 15 min at ambient temperature. After washing with
phosphate-buffered saline (pH 7.2) and blocking with bovine
serum albumin (Serva, Heidelberg, Federal Republic of
Germany), the respective E. coli strains were added. After
incubation (1 h, 37°C), the nonadherent bacteria were re-
moved by washing with phosphate-buffered saline. After-
wards, 100 ul of diluted E. coli antiserum was added, and the
mixture was incubated for 1 h at 37°C, followed by five

. washings and the addition of alkaline phosphatase-conju-
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gated swine anti-rabbit immunoglobulin G (Dako, Hamburg,
Federal Republic of Germany). Finally, after five washings,
alkaline phosphatase substrate (1.0 mg/ml; Sigma Chemie,
Deisenhofen, Federal Republic of Germany) was added;
after incubation, extinction was measured with an ELISA
reader (Behring, Marburg, Federal Republic of Germany).
Each strain was tested in at least three separate trials. In
each trial, 24 determinations of cell adherence were per-
formed in parallel.

The controls were treated in the same manner, except that
bacteria were not added. The adherence of bacteria to the
microtiter plate plastic was near zero.

Data for control groups were transformed to zero, and the
other data were treated accordingly. Data were normally
distributed. The mean values + standard deviations for at
least 72 single values were calculated. Statistical evaluation
was performed by the ¢ test (15).

For inhibition studies of F1C-fimbriated E. coli, potential
inhibitors (Sigma Chemical Co., St. Louis, Mo.) were added
to the bacterial suspension, and the mixture was placed in
microtiter plates. For receptor-destroying experiments,
neuraminidase (0.5 to 10 mU/ml) (E. Merck, AG, Darmstadt,
Federal Republic of Germany) was dissolved in M199 (Flow
Laboratories, Meckenheim, Federal Republic of Germany)
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FIG. 1. ELISA units (mean = standard deviation) for E. coli K-12 clones carrying recombinant DNAs coding for S-fimbrial adhesin (sfa),
FIC fimbriae (foc), S-fimbrial-F1C-fimbrial hybrid adhesins, and mutagenized S-fimbrial adhesin complexes. The ELISA were carried out
with anti-E. coli K-12 antibodies following attachment of clones to the renal tubular cell line LLC-PK;. The degree of fimbriation of the clones
was determined by electron microscopy and by an ELISA with fimbria-specific monoclonal antibodies (++++, very heavy fimbriation;
+++, heavy fimbriation; + +, intermediate fimbriation; +, low fimbriation; —, no fimbriation). Hemagglutination (HA) was carried out in
microtiter plates (9, 18). HB101(pBR322) was used as a control. The genetic maps of the DNAs used are indicated. The letters below the black
boxes represent sfa-specific genes, and the letters below the open boxes represent foc-specific genes. Ap", Resistance to ampicillin; Cm",
resistance to chloramphenicol; Tc, resistance to tetracycline. E, EcoRI; Ev, EcoRV; C, Clal; H, HindIIl; B, BamHI; P, Psil.

without fetal calf serum, 100 pl was placed in each well, and
the mixture was incubated for 30 and 60 min. The remaining
steps were identical to those described above. Control
experiments were done without neuraminidase and without
any other potential inhibitors.

Strain HB101(pANNS801-13), which produced the wild-
type S-fimbrial adhesin complex, showed distinct binding to
renal tubular cells (Fig. 1). Mutations in the genes sfaA,
sfaG, and sfaS were associated with a dramatic reduction in
cell adherence. A mutation in the gene coding for the minor
subunit cSfaH affected adherence considerably less, a result
which may have been due to the reduction in the fimbriation
of strain HB101(pANN801-13/Tn5-033) as compared with
that of strain HB101(pANNBS801-13). The data, however,
clearly show that the major subunit protein SfaA and the
minor subunit proteins SfaG and SfaS contribute to the
adherence of S fimbriae to tubular cells.

Site-specific mutations were introduced into gene sfaS
coding for the S-fimbrial adhesin. The mutations resulted in
a change in the amino acid sequence of the S-fimbrial
adhesin at the C-terminal end. We found that an exchange of
lysine for threonine at position 122 ([HB101(pANN801-122)],
which had no effect on hemagglutination (9), also did not
reduce binding to renal tubular cells, while an exchange of
lysine for threonine at position 116 [HB101(pANN801-116)}
and an exchange of arginine for serine at position 118
[HB101(pANNS801-118)] hindered adherence to renal tubular
cells significantly but did not reduce binding completely.
These mutations, however, reduced hemagglutination to
below the lower limit of detection (9).

The level of binding of E. coli HB101(pPIL110-54) produc-
ing F1C fimbriae to tubular cells was lower than that of
S-fimbriated strain HB101(pANN801-13). Hybrids of sfa and
foc genes affected binding. When the sfa-specific sequences
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TABLE 1. Inhibition of E. coli HB101(pPIL110-54) expressing
F1C fimbriae and HB101(pANN801-13) expressing S fimbriae

Concn (mmol) of:

Inhibitor
pPIL110-54 PANNB01-13
D-(+)-Glucose 100 ND?
D-(+)-Galactose 100 ND
a-Lactose 100 ND
B-p-Fructose 100 ND
a-D-Fucose - 100 ND
a-L-Fucose 100 ND
N-Acetyl-p-glucosamine 100 100
N-Acetyl-D-galactosamine 100 100
N-Acetyl-lactosamine 25 100
N-Acetyl-neuraminic acid 100 25
N-Acetyl-neuraminyl lactose 100 25
N-Acetyl-muraminic acid 100 ND
a-Methyl-mannoside 100 ND

@ Concentration leading to a significant (P ' 0.05) decrease in extinction.
¥ ND, Not done.

carrying the S fimbrilin-encoding gene sfaA were fused to
sequences representing the distal region of the foc gene
cluster, the resulting plasmid, pANN801-C25, coded for a
higher level of binding than did that containing the genetic
determinant for F1C fimbriae. The second hybrid cluster
plasmid, pANNS801-E4, representing the proximal region of
Joc coding for the structural protein FocA and the distal
region of the sfa gene cluster, also enhanced binding signif-
icantly, but less so than did plasmid pANN801-C25.

Since E. coli expressing F1C fimbriae bound avidly to
tubular cells, it was possible to determine the inhibition
profile to obtain information on the receptor structure. For
inhibition studies, several carbohydrate and neuraminidase
treatments were used (Table 1). Pretreatment of the tubular
cells with neuraminidase (10 mU) for 60 min significantly
reduced the adherence of strains HB101(pPIL110-54) and
HB101(pANN801-13), while a 30-min pretreatment inhibited
the binding only of the strain expressing S fimbriae. Further-
more, treatment with N-acetyl-neuraminic acid (100 mmol),
N-acetyl-neuraminyl lactose (100 mmol), and N-acetyl-lac-
tosamine (25 mmol) led to reduced binding of F1C fimbria-
expressing strains to the tested cell line, but several other
substances had no effect (Table 1). The inhibition profile for
E. coli HB101(pANN801-13) producing S fimbriae was quan-
titatively different from that of E. coli HB101(pPIL110-54).
N-Acetyl-lactosamine was a weaker inhibitor, while
N-acetyl-neuraminyl lactose and N-acetyl-neuraminic acid
were stronger inhibitors.

The ELISA offered the possibility of quantifying the
adherence of whole bacteria producing different adhesin
proteins. Furthermore, the in vitro system used allowed
differentiation among the properties of the adhesins of the
different strains. Although the tubular cell line was derived
from the proximal tubulus of a pig, the binding characteris-
tics were comparable to those found by Virkola et al. (20)
with renal tissue from humans and isolated fimbriae. Our
data indicate that the S fimbrillin SfaA, the S-fimbrial ad-
hesin SfaS, and the minor subunit SfaG contribute to attach-
ment to tubular cells.

It is evident that the SfaS-negative, hemagglutination-
negative clone still retained significant binding capacity. The
lack of hemagglutination was probably not due to an insuf-
ficient sensitivity of the assay, since a strain with similar
adherence values in the ELISA [HB101(pANN801-13/TnS-
033)] was able to hemagglutinate. Our data suggest that
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another receptor structure which is not identical to the
SfaS-specific substance may exist. Parkkinen et al. (13) also
found that mutagenized S fimbriae lacking SfaS still adhered
to endothelial cells and that inhibition with sialyl-lactose
decreased but did not abolish the binding of S fimbriae. For
this alternative binding capacity, which is independent from
the SfaS-mediated adherence, the major subunit protein
SfaA and the minor subunit protein SfaG may be responsi-
ble, since mutations of these subunits resulted in a decrease
in binding. The nature of the corresponding receptor is
unknown, but it can be concluded that endothelial cells and
tubular cells express structures which mediate SfaS-inde-
pendent binding of S-fimbrial adhesins. The existence of a
second, SfaS-independent attachment protein resembles the
situation for P fimbriae which, in addition to the well-
characterized P adhesin protein, PapG, possess a second,
lectin-independent adherence factor binding to fibronectin
21).

Site-specific mutagenesis led to a loss of hemagglutination
when the lysine at position 116 was replaced by threonine
and when the arginine at position 118 was replaced by serine.
In our adherence test system, adherence to tubular cells was
reduced in parallel with hemagglutination; however, residual
adherence due to alternative binding of the S-fimbrial ad-
hesin complex could still be observed. In addition, differ-
ences in the amounts of the fimbrial adhesin complex may
have influenced the binding properties of S-fimbriated strains
(Fig. 1). This may also be true for binding of F1C fimbriae.

The adherence of F1C fimbriae offered the possibility of
studying the inhibition profile and thus gain insight into the
receptor structure, which is unknown because of the lack
of a suitable test system, (because F1C fimbriae do not
mediate hemagglutination and do not bind to urinary tract
sediment cells) (19, 20). The inhibition profile resembled
that of S fimbriae, since N-acetyl-neuraminic acid, neur-
aminidase, N-acetyl-neuraminyl lactose, and N-acetyl-lac-
tosamine were inhibitors. However, the concentrations of
the sugars and the lengths of incubation of neuraminidase
needed for inhibition differed. It is not clear from these
findings why F1C fimbriae have no hemagglutination activ-
ity. It may be that the F1C receptors on erythrocytes are
either not present in sufficient amounts or not accessible on
the erythrocyte surface membrane. In general, our data
confirm the fact that F1C fimbriae and S fimbriae belong to
the same family of fimbrial adhesins, related genetically,
immunologically, and functionally.
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