
Vol. 169, No. 12

Identification of Two Ancillary Subunits of Escherichia coli Type 1
Fimbriae by Using Antibodies against Synthetic Oligopeptides of

fim Gene Products
SOMAN N. ABRAHAM,l2* JON D. GOGUEN,t DAXI SUN,1 PER KLEMM,3 AND EDWIN H. BEACHEY"2'4

Department of Medicinel and Department of Microbiology and Immunology,2 University of Tennessee, Memphis, and
Veterans Administration Medical Center,4 Memphis, Tennessee 38163; and Department of Microbiology, Technical

University ofDenmark, Lyngby, Denmark3

Received 27 April 1987/Accepted 14 September 1987

We have chemically synthesized oligopeptides corresponding to the NH2-terminal stretch of two gene
products, designated FimG and FimH, of the fim gene cluster of Escherichia coli. These synthetic peptides,
designated S-TlFimG(1-16) and S-T1FimH(1-25)C, evoked antibodies in rabbits that reacted with 14- and
29-kilodalton subunits, respectively, of dissociated fimbriae encoded by the recombinant plasmid pSH2
carrying the genetic information for the synthesis and expression of functional type 1 fimbriae. Neither of these
fimbrial proteins was detected in dissociated fimbrial preparations from nonadhesive E. coli cells carrying the
mutant plasmid pUT2002, containing a restriction site-specific deletion offimG and fimH. Anti-S-TlFimH(1-
25)C inhibited the adherence of type 1 fimbriated E. coli to epithelial cells. Immunoelectron microscopy
revealed that anti-S-T1FimH(1-25)C, but not anti-S-TlFimG(1-16), bound to intact type 1 fimbriae of E. coli
at the fimbrial tips and at long intervals along the fimbrial filaments. Anti-S-TlFimG(1-16) appeared to be
directed at epitopes not accessible on the intact fimbriae and consequently failed to bind to intact fimbriae or

to block fimbrial attachment. Our results suggest that thefimG andfimH gene products are components of type
1 fimbriae and that FimH may be the tip adhesin mediating the binding of type 1 fimbriated E. coli to
D-mannose residues on mucosal surfaces.

Type 1 fimbriae are hairlike structures which emanate
from the surface of Escherichia coli and other members of
the family Enterobacteriaceae (5, 10, 28). These organelles
are characterized by their ability to promote attachment of
bacteria to D-mannose-containing receptors on a variety of
eucaryotic cells (10, 28). Each fimbrial filament is approxi-
mately 1 ,um long and 7 nm in diameter and is composed of
protein subunits which are held together by strong hydro-
phobic interactions (5). Harsh treatments such as boiling in
acid or exposure to saturated guanidine hydrochloride are

required to disrupt the fimbrial filament into its subunits (9,
12). To date, only a single 17-kilodalton (kDa) subunit
species has been reported to account for the structure of
isolated type 1 fimbriae (9, 12).
While there is general agreement that type 1 fimbriae

mediate D-mannose-specific binding, there are differing
views on the location of the D-mannose-binding moiety on

the fimbrial filament. Brinton suggested that the adhesive
moiety resides on the fimbrial tips (5). Other workers have
proposed adhesive sites along the length of type 1 fimbriae
(28, 30).

Recently, we investigated the genetic determinant of ad-
hesive function of type 1 fimbriae of E. coli by restriction site
deletion analysis of a recombinant plasmid, pSH2, carrying
the genetic information for the synthesis and expression of
functional type 1 fimbriae (23). A mutant plasmid, pUT2002,
containing a deletion remote from the structural gene (Fig.
1), encoded the 17-kDa subunit protein of type 1 fimbriae but
failed to exhibit D-mannose-specific binding, even though
the bacteria expressed fimbriae morphologically and antigen-
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ically indistinguishable from those produced by the intact
recombinant plasmid (23). The isolated mutant fimbriae
failed to agglutinate guinea pig erythrocytes, but reacted
with a monoclonal antibody specific for quaternary struc-
tural determinants of type 1 fimbriae. Moreover, the disso-
ciated 17-kDa fimbrial subunits from this mutant were indis-
tinguishable from subunits of normal fimbriae by their
migration in sodium dodecyl sulfate (SDS) gels, by their
reactivity with a monoclonal antibody directed against a

17-kDa subunit-specific epitope, and in enzyme-linked im-
munosorbent assays (ELISAs) with monospecific antisera
(23). We have concluded that the adhesive function of type 1
fimbriae is dependent on a factor(s) encoded by a gene other
than those required for synthesis, assembly, and expression
of the 17-kDa subunit (23). This is consistent with recent
findings of Maurer and Orndorff, who showed that fimbriae
obtained from a pSH2 deletion mutant mapping in the same

region as the deletion in pUT2002 failed to agglutinate guinea
pig erythrocytes (21, 22). Similar findings have been reported
in pyelonephritogenic E. coli: the adhesive function of Pap
fimbriae is mediated by three ancillary gene products, PapE,
PapF, and PapG (20, 24, 32). That PapE and PapF are

components of the Pap fimbriae was demonstrated by the
development in animals immunized with purified Pap fim-
briae of specific antibodies against both PapE and PapF as

well as the major PapA proteins (20).
Several laboratories have provided different designations

for the genes and gene products of the type 1 fim locus (13,
16, 18, 22, 23). For convenience, we have utilized the
designations of Klemm et al. (18). The restriction map and
nucleotide sequence of the region in the type 1 fim gene
cluster corresponding to and contiguous with the deletion on

pUT2002 were recently reported by Klemm and Christian-
sen (17). On the basis of the nucleotide sequence, the
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FIG. 1. A partial restrictioh map of plasmid pSH2, showing the
locations of thefimA throughfimH genes. These locations are based
on the DNA sequences determined by Klemm et al. (17) from an

independently constructed recombinant plasmid carrying the fim
genes of E. coli K-12 strain PC31. All of the restriction endonuclease
recognition sites (P, Pvull; C, Clal; B, BamHl) indicated by the
verticalaarows are predicted by the sequence data and were found
to be present in pSH2. The heavy black bars indicate the Pvull
fragment deleted in the mutant plasmid pUT2002 (23).

primary structure of three ancillary fimbrial proteins, FimF,
FimG, and FimH, were derived.
Because our mutant plasmid, pUT2002, encoded nonad-

hesive fimbriae and possessed a deletion offimH and part of
finzG (see Fig. 1), we investigated the possibility that either
or both gene products were structural components of type 1
fimbriae that may serve as the adhesin of organisms bearing
these fimbriae. For this purpose, we employed antibodies
raised against synthetic peptides copying the amino termini
of the matureFim G and FimH proteins. In this paper, we

report evidence that both proteins are present in wild-type,
type 1 fimbriae but not in the mutantfimbriae encoded by
pUT2002. Moreover, FimH appears to be located at the
fimbrial tips and at long intervals along the length of the
fimbrial filaments, And antibodies to synthetic peptides of
FimH, but not of FimG or of FimA, are antiadhesive.

MATERIALS AND METHODS

Synthesis of peptides corresponding to proteins of type 1

fimbriae. Copies of the NH2 termini of FimG and FimH were

synthesized in an automated peptide synthesizer (Beckman
Instruments, Fullerton, Calif.) by a solid-phase method (4, 7)
and purified as described previously (4, 8, 11). The purity of
the peptide product was determined by high-performance
liquid chromatography on a reverse-phase column and by
quantitative amino acid ahalysis (8, 11). The peptides syn-

thesized for this study are designated S-TlFimG(1-16) and
S-TlFimH(1-25)C, or S-FimG arnd S-FimH.

Conjugation of synthetic peptides. The synthetic peptides
were conjugated to keyhole lympet hemocyanin by using

succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-car-
boxylate (Pierce Chemical Co., Rockford, Ill.) as described
(35), with the modifications of Rothbard et al. (27).
Immunization of rabbits. Each of three New Zealand white

rabbits was injected subcutaneously with 100,ug of the
conjugated peptides, which had been emulsified in complete
Freund adjuvant (2, 4, 8). Blood was obtained before the
initial injection and at 2-week intervals thereafter. At 4 and
10 weeks, the animals were given booster injections of 100

,ug of the conjugated peptide in phosphate-buffered saline.
Assays of antibody reactivity. Detection and titration of

antibodies were performed by using an ELISA of the anti-
serum. The assay was performed as previously described (4,
8) except that purified fimbriae (5 jig/ml) or unconjugated
synthetic peptide (10,ug/ml) was adsorbed to ELISA trays as

the solid-phase antigen. ELISA inhibition experiments were

performed by making serial twofold dilutions of the inhibitor
in 0.5 ml of phosphate-buffered saline to which was added a

constant dilution of antiserum. Each of the antisera used in
this assay was first absorbed with the mutant nonadhesive

fimbniae to remove all antibodies that might cross-react with
the major fimbrial subunit. The mixture was incubated at

373C for 30min and then added to the antigen-coated trays.
After this incubation, standard ELISA procedures were
carried out.

Bacterial strains and culture conditions. E. ccli ORN103
th'r-J leu-6 thi-J A(argF-lac)U169 xyl-7 ara-13mtl-2 gal-6
rpsL tcnA2 fhuA2 minA minBrecA33 A(fimABCDEFGH)]?
which lacks all of thefim genes (22) (kindly furnished by Paul
Orndorff, North Carolina State University, Raleigh), was
used as the host strain for plasmid pSH2 and a derivative,
pUT2002, which code for type 1ad d Mutant nonadhesive
fimbriae, respectively. Plasmid pSH2 (a kind gift from
Shiella Hull, Baylor Medical College, Houston, Tex.) con-
tains a cloned segment of chromosomal DNA with the fim
locus from a clinical isolate of E. coli. The properties of
these plasmids have been described in detail elsewhere (15,
23, 26). For best expression of fimbriae, strain 0RN103 was
grown in Luria broth or in brain heart infusion, both under
static conditions for 48 h. To maintain the plasmid in the
host, 20,ug of chloramphenicol per ml was incorporated into
the medium.

Other type 1 fimbria-expressing strains of E. coli em-
ployed in this study were CSH50 [ara A(lac-prc)rpsLthi], a
well-characterized K-12 strain (3, 9, 13), and C15, a previ-
ously described strain isolated from a patient with a urinary
tract infection (1, 29).

Isolation and purification of type 1 fimbriae. Type 1 fim-
briae were isolated and purified from all the E.coli strains by
the method of Dodd and Eisenstein (9). The purity of the
fimbrial preparations was verified by SDS-polyacrylamide
gel electrophoresis (PAGE) and by electron microscopy.
SDS-PAGE. SDS-PAGE was performed in a 1.5-mm-thick

15% or 18% slab gel by the system of Laemmli (19). Samples
of fimbriae were dissociated before electrophoresis by heat-
ing in acid (9).

Immunoelectroblots of fimbriae. After SDS-PAGE, the
bands of fimbrial protein were electrophoretically trans-
ferred onto nitrocellulose paper as described previously (3,
29, 31). After transfer, the nitrocellulose paper strips were
incubated with appropriate dilutions of antisera (1:50 to
1:200), followed by enzyme-linked goat anti-rabbit immuno-
globulin G antibody and finally by the substrate (29).

Immunoelectron microscopy. Samples oftype 1 fimbriae
were applied to Formvar-coated copper grids and placed on
a drop of 0.5% bovine serum albumin for 15 min. The grids
were next placed on a drop of antiserum diluted 1:40 for 20
min at ambient temperature, washed several times in deion-
ized water, and incubated for 20 min at ambient temperature
ina drop of gold-conjugated protein A (5- or 10-nm-sized
gold particles) diluted 1:30. The grids were then washed
several times and finally stained with phosphotungstic acid.
The samples were examined with a Zeiss electron micro-
scope.

Assays of the inhibition of E. coli attachment to immobilized
epithelial cells. The ability of antibodies evoked against
synthetic fimbrial peptides to block attachment of type 1
fimbriated E. coli to human buccal epithelial cells was
examined by employing a recently described ELISA tech-
nique (25) in which epithelial cells scraped from human oral
mucosa are immobilized onto flat-bottomed microtiter plates
and the adhesion of biotinylated E. coli cells to the epithelial
cells is assayed with peroxidase-labeled avidin as described
previously (25). This procedure of biotinylation has been
shown not to affect the D-mannose-bilnding property of the
organisms (25). The biotinylated bacteria were preincubated
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with the appropriate dilution of the antisera for 30 min at
ambient temperature, and then this mixture was added to
microtiter wells containing the immobilized cells. The micro-
titer plates were rotated horizontally for 1 h at ambient
temperature and then washed four times with phosphate-
buffered saline. After the last wash was removed, the plates
were fixed by heating at 65°C for 10 min. A 1:5,000 dilution
of the avidin-peroxidase conjugate was added to each well
and incubated for 30 min at 37°C. The plates were then
washed three times with phosphate-buffered saline, and
o-phenylenediamine solution was added to each well. The
color was allowed to develop for 15 min, and the A650 was
measured. Controls consisted of preimmune sera instead of
hyperimmune sera and wells without bacteria to ensure that
the primary antibody did not react with the endogenous
bacteria or with the host cells. The percentage of inhibition
was calculated by comparing the absorbance values obtained
with the test sera with the values obtained with the preim-
mune sera: Percentage of inhibition = [1 - (A405 of immune
serum/A405 of preimmune serum)] x 100.

RESULTS
The synthetic fimbrial peptides were purified by high-

performance liquid chromatography, and their sequences
were confirmed by automated Edman degradation as
ADVTITVAGKVVAKPC for S-TlFimG(1-16) and
CKTANGTAIPIGGSANVYVNLAPVVC for S-TlFimH(1-
25)C. These sequences were found to be identical to the
corresponding amino-terminal regions of FimG and FimH
predicted from the nucleotide sequences reported by Klemm
and Christiansen (17). The purified synthetic peptides and a
synthetic peptide copying the amino-terminal region of
FimA (2) were employed in the following studies.
Immunogenicity of synthetic peptides. The synthetic

peptides-were coupled to keyhole limpet hemocyanin by the
bifunctional cross-linking agent as described in Materials
and Methods. The conjugated peptides, emulsified in com-
plete Freund adjuvant and injected into rabbits, evoked

- i k C.D

FIG. 2. Western blots of dissociated fimbriae from E. coli
ORN103(pUT2002) (lanes A, C, and E) and ORN103(pSH2) (lanes
B, D, and F). Lanes A and B were stained with amido black. Lanes
C and D were reacted with anti-S-FimG, and lanes E and F were
reacted with anti-S-FimH.
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FIG. 3. SDS-PAGE and Western blot analysis of dissociated
type 1 fimbriae from E. coli CSH50 (lanes A, C, and E) and CI5
(lanes B, D, and F). Lanes A and B were stained with Commassie
blue. Lanes B and C were reacted with anti-S-FimG, and lanes E
and F were reacted with anti-S-FinmH.

antibodies against the respective peptides ranging in dilu-
tions from 1:52,200 to 1:102,400 against the respective
peptides by ELISA. Anti-S-FimG and anti-S-FimH reacted
with isolated type 1 fimbriae at dilutions of 1:1,000 to 1:2,500
by ELISA. These antisera and antisera previously (2) raised
against S-TlFimA(23-35)C were used to probe the intact and
dissociated type 1 fimbriae.

Demonstration of FimG and FimH as minor components of
type 1 fimbriae. Purified preparations of E. coli ORN103
(pSH2) and ORN103(pUT2002) fimbriae were dissociated by
boiling at pH 1.5, electrophoresed on a 15% SDS gel,
transferred onto nitrocellulose, and reacted with each of the
synthetic peptide antisera. Anti-S-FimA reacted strongly
with a 17-kDa band in both the adhesive and nonadhesive
fimbriae, as previously reported (2). Anti-FimG and anti-
FimH reacted with a 14-kDa and a 29-kDa band, respec-
tively, only in the wild-type fimbriae; these bands were
conspicuously absent in the mutant pUT2002 fimbriae (Fig.
2). The 14- and 29-kDa bands were not detectable in the
wild-type fimbriae by amido black stains of the separated
components transferred to nitrocellulose (Fig. 2). These
results suggest that FimG and FimH are minor but integral
components of adhesive type 1 fimbriae.

Presence of FimG and FimH in other strains of type 1
fimbriated E. coli. Isolated type 1 fimbriae prepared from a
K-12 strain, CSH50, and a clinical isolate, CI5, were simi-
larly probed with the synthetic peptide antisera. Protein
bands identical in molecular weight to FimG and FimH were
stained in Western blots (immunoblots) of the separated
fimbrial components by anti-S-FimG and anti-S-FimH, re-
spectively (Fig. 3). Interestingly, in previous studies poly-
clonal and monoclonal antibodies against FimA CSH50
fimbriae reacted with a 17-kDa band of CSH50 fimbriae but
not with CI5 fimbriae (3). These results further suggest that
FimG and FimH are conserved structural components of E.
coli type 1 fimbriae.

Reactions of anti-S-FimG and anti-S-FimH with native type
1 fimbriae. The recognition by the antibodies of FimG and
FimH in intact fimbriae was demonstrated by ELISA and
ELISA inhibition tests. Anti-S-FimG reacted with isolated
wild-type 1 fimbriae at a dilution of 1:1,280, and anti-S-FimH
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FIG. 4. ELISA inhibition assays of (A) anti-FimH and (B) anti-
FimG with isolated type 1 fimbriae using as inhibitor either wild-type
(0) or mutant (0) fimbriae.

reacted with such fimbriae at a dilution of 1:2,560. The
reactions of anti-S-FimG and anti-S-FimH with the wild-type
fimbriae were inhibited by suspended wild-type but not
mutant (fimG and fimH) fimbriae (Fig. 4). The inhibition of
anti-S-FimG by the suspended wild-type fimbriae was

weaker than that of anti-S-FimH, suggesting that the
epitopes against which the antibodies were directed are well
exposed both in the immobilized and the suspended state for
FimH but only in the immobilized state for FimG.
Immunoelectron microscopy of type 1 fimbriae with anti-S-

FimG and anti-S-FimH. To visualize the location of FimG
and FimH in the fimbrial filament, we examined the binding
of each of the antibodies to type 1 fimbriated E. coli by
electron microscopy. Binding of the antibodies to the fim-
briae was probed with protein A conjugated to gold particles.
In organisms treated with anti-S-FimG, no gold particles
were detected associated either with the fimbriae or with the
outer surfaces of the bacteria (Fig. 5A). In contrast, anti-S-
FimH decorated fimbriae mainly at the tips, but also at long
intervals along the length of the fimbrial filaments (Fig. SB
and C). Neither anti-S-FimG nor anti-S-FimH reacted with
the nonadhesive, mutant pUT2002 fimbriae by immunoelec-
tron microscopy (not shown in figure). These results indicate
that FimH is located mainly at the tips of type 1 fimbriae and
that the mutant fimG fimH fimbriae lack these minor com-
ponents. The location of FimG could not be determined
because the anti-S-FimG appears to be directed at epitopes
of FimG that are inaccessible on native type 1 fimbriae.

Antiadhesive properties of anti-S-T1FimH(1-25)C. Because
the nonadhesive mutant fimbriae lacked both FimG and
FimH it was considered possible that the adhesive property
of type 1 fimbriae is dependent on the presence of either one
or both of these proteins. If either of these ancillary proteins
is involved in mediating adherence or is close to the adhesive

moiety, then antibody directed against the protein should
block the adhesive function of the fimbriae. Therefore, we
attempted to block the attachment of type 1 fimbriated E.
coli to human buccal epithelial cells by employing each of
the antisera as an inhibitor. The binding of type 1 fimbriated
E. coli to human buccal epithelial cells was inhibited by
12-week rabbit antiserum raised against S-FimH (58% inhi-
bition), but not by similar antisera to S-FimA (7%) or
S-FimG (2%) or by a 1:10 dilution of preimmune rabbit sera
(0%). Taken together with the results obtained above, these
results suggest that FimH, a fimbrial tip protein, serves as
the adhesin of E. coli type 1 fimbriae. Although FimG also
appears to be a minor structural component of type 1
fimbriae, no conclusion can be drawn as to its location or its
role in adhesion.

DISCUSSION

In our earlier studies we demonstrated that the genetic
determinant for the 17-kDa subunit of type 1 fimbriae of E.
coli was distinct from the determinant mediating D-mannose
binding. Furthermore, we postulated the possibility that a
minor fimbrial component(s) may mediate binding. We at-
tempted to find such a component(s) by immunochemical
analysis of fimbriae isolated from a wild-type strain,
ORN103(pSH2), and its nonadhesive mutant derivative
ORN103(pUT2002). In this communication, we demonstrate
that type 1 fimbriae of E. coli are composed of proteins other
than the 17-kDa subunit. We have identified two hitherto
undescribed fimbrial subunits of type 1 fimbriae, FimG (14
kDa) and FimH (29 kDa). Either or both may play a role in
mediating attachment because both are absent in the
nonadhesive mutant fimbriae. We have also demonstrated
that antibodies directed at FimH and not those directed at
FimA or FimG inhibit the adhesion of type 1 fimbriated E.
coli to epithelial cells.
Although suggestive, our data do not prove that FimH is

the determinant of mannose-specific binding of type 1 fim-
briae. Nevertheless, there are some highly suggestive obser-
vations from this and other laboratories which support this
notion. Recently, we observed that a hyperadhesive mutant
derived from the pSH2 clone of E. coli expressed large
quantities of a 29-kDa protein (S. N. Abraham, J. D.
Goguen, and E. H. Beachey, manuscript in preparation).
The isolated 29-kDa protein manifested many of the D-
mannose-binding properties of isolated type 1 fimbriae.
Recently, Maurer and Orndorff (21, 22) described a gene,
pilE, on the pSH2 plasmid which appears to map in the same
region as the pUT2002 deletion in thefim gene cluster. These
workers reported that inactivation of pilE, either by restric-
tion site mutagenesis or Tn5 insertion, resulted in loss of
receptor binding capacity (21, 22). The pilE gene product
was revealed to be a 31-kDa protein (22) which is compara-
ble to FimH.

Brinton (5) proposed that the adhesive moiety on type 1
fimbriae is situated at the fimbrial tips because isolated
fimbriae were observed to attach to polystyrene latex
spheres only by their tips. However, others found the
concept of a single specific binding site located at the tip of
the fimbriae untenable, because this would make isolated
fimbriae monovalent. It would then be difficult to explain the
hemagglutinating capacity of isolated fimbriae (30). A lateral
site for the adhesive moiety was proposed by Sweeny and
Freer to explain both the hemagglutinating property of
isolated type 1 fimbriae and the observation that fragmenta-
tion of isolated fimbriae did not decrease their ability to bind
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FIG. 5. Electron micrographs of immunogold labeling of isolated fimbriae from E. coli ORN103(pSH2) reacted with anti-S-FimG (A) and
anti-S-PimH (B and C). Note gold particles are not associated with fimbriae in panel A. In contrast, gold particles are seen at the fimbrial tips
in panel B and along the length of the fimbrial filament in panel C. Magnification, x 138,500.

to eucaryotic cells (30). Interestingly, our immunoelectron
microscopic findings suggest that FimH resides both at the
tips and at long intervals along the length of the fimbriae. If
FimH is indeed the adhesive moiety of type 1 fimbriae, then
it would appear that our findings are consistent with both
concepts.

Antisera directed at FimG did not block attachment of
type 1 fimbriae. It is also clear, however, that we could not
visualize its binding to the intact fimbriae. The apparent
ability of anti-S-FimG to recognize FimG in dissociated or
immobilized fimbriae but not in the assembled, suspended,
or intact fimbriae is consistent with the notion that the amino
terminus of FimG is inaccessible to antibodies in the intact
fimbriae. Thus, it is conceivable that FimG may yet have a
role in determining the adhesive property of type 1 fimbriae.
Indeed, recent complementation studies of Klemm and
Christiansen (17) suggest that FimH in concert with FimG or
FimF confers adhesive properties to type 1 fimbriae; FimH
alone is insufficient. Thus, FimG may be involved in the
structural assembly of FimH or as a coadhesin. Similar
studies of Pap fimbriae of E. coli have suggested the role of
more than one fimbrial protein in mediating attachment (20,
24).

It is now widely accepted that foretelling antigenic sites
from the primary structure of a protein based solely on Chou
and Fassman (6) and Hopp and Wood (14) predictions is far
from accurate (33). Our reason for employing the amino-
terminal region as an immunogen is based on recent reports
that the immunodominant region of fimbrial subunits resides
in the amino terminus. For example, Worobec et al. have
shown that the immunodominant region of strain EDP208
fimbriae resides specifically within the amino-terminal
dodecapeptide (34). Furthermore, antibodies raised against
these amino-terminal synthetic peptides reacted avidly with
the native EDP208 fimbriae. We have previously demon-
strated the immunogenicity of the amino-terminal region of
FimA (2). The results of our current study demonstrate that
the selected amino-terminal regions of FimG and FimH were
highly immunogenic and that the resulting antibodies were
able to detect the native protein in the fimbrial preparation
by Western blots. Whether or not other sequences of FimG
will evoke antibodies that recognize the subunit in native
fimbriae requires further study.

It is of interest that proteins corresponding immunologi-
cally and structurally to FimG and FimH on the pSH2
fimbriae are present on type 1 fimbriae of a K-12 and a
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clinical strain of E. coli. This suggests that the basic struc-
tural composition of the type 1 fimbrial filament is the same
in at least two markedly different strains of E. coli. Whether
or not these structures are antigenically conserved in type 1
fimbriae of other members of the Enterobacteriaceae re-
quires further study.
Few studies on the structure of type 1 fimbrial filaments

have been undertaken since the X-ray fiber diffraction stud-
ies of Brinton (5), which indicated that type 1 fimbriae are
comprised of 17-kDa subunits arranged in a right-handed
helix with 3 1/8 subunits per turn. Our findings that type 1
fimbriae contain at least two additional subunits, one of
which is located at the tips and interspersed at long intervals
among the major subunits in the fimbrial filament, suggests
the need to reassess the current concept of the three-dimen-
sional structure of type 1 fimbriae. A comparison of the
quaternary structural arrangements of subunits in adhesive
and nonadhesive fimbriae may shed further light on fimbrial
structure and assembly. Continued efforts to identify the
adhesive moiety and the functions of the other ancillary
subunits of type 1 fimbriae should also allow the develop-
ment of approaches to prevent fimbrial attachment and
subsequent bacterial colonization.
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