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The genetic organization of the polypeptides required for the biosynthesis of the F41 adhesin of enterotoxi-
genic Escherichia coli strains was investigated. Maxicell analysis demonstrated that a recombinant plasmid
which mediated mannose-resistant hemagglutination and F41 antigen production encoded four polypeptides of
29, 30, 32, and 86 kilodaltons. The 29-kilodalton protein was identified as the F41 antigen, and the nucleotide
sequence of the gene was determined. Extensive homology was observed between the region encoding the
putative signal sequences of the F41 and K88 antigens and in the region immediately upstream of the antigen
genes. The nucleotide sequence homology between F41 and K88 determinants was further investigated by
Southern blot hybridization. A K88 probe hybridized at high stringency to all fragments shown to be essential
for F41 production except for fragments internal to the F41 antigen gene.

The pathogenicity of enterotoxigenic Escherichia coli
(ETEC) involves adherence of the pathogen to the small
intestine of the host, where enterotoxins cause secretion of
fluid and electrolytes. Adherence is mediated by antigenic
proteins which are fimbrial in nature and referred to as
adhesins (5). Several distinct types of adhesins of ETEC
have been characterized, each of which confers a degree of
host specificity. Many of the adhesins also confer on the
bacterial cells the ability to agglutinate erythrocytes of
various species in the presence of mannose, in contrast to
hemagglutination mediated by type I fimbriae, which is
mannose sensitive. The mannose-resistant hemagglutination
(MRHA) assay is a convenient means of assessing the
presence of specific adhesin types. The F41 antigen is
associated with an adhesin of bovine and porcine ETEC
isolates and is frequently produced by strains of serogroups
09 and 0101, which also produce the K99 adhesin (6, 17,
27). The presence of the F41 antigen confers on bacterial
cells the ability to agglutinate human group O erythrocytes in
the presence of mannose.

In contrast to most other known adhesins of ETEC, which
are plasmid encoded, F41 is chromosomally encoded (18).
The genetic determinants for F41 have been cloned and
shown to have nucleotide sequence homology with the
plasmid-encoded K88 genes (18). In addition, several
MRHA-positive strains which do not produce K88 or F41
antigens hybridized with probes from the K88 and F41-
encoding DNA (18).

In this study we investigated the organization and expres-
sion of genes involved in F41 biosynthesis, and we report the
nucleotide sequence of the gene encoding the F41 structural
subunit. We demonstrate that homology between the F41
and K88 determinants is extensive and includes regions
encoding each of the known accessory proteins but not the
fimbrial subunits themselves.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. All
strains used in this study were derivatives of E. coli K-12.
Strain DHS5a (Bethesda Research Laboratories, Gaithers-
burg, Md.) was used as a host for the plasmids. Strain HB101
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(3) was used for transposon mutagenesis, and strain JC2926
(1) was used in maxicell analysis. A derivative of the
multicopy plasmid pUC18 (30), pUC18cm" (provided by M.
Yanofsky), was used as a vector for cloning. In this vector,
the gene specifying B-lactamase is replaced by the chloram-
phenicol acetyltransferase determinant. Unless otherwise
indicated, organisms were grown in Luria broth or Luria
agar (12). Cells harboring pSLM?204 (18) were grown in the
presence of ampicillin (100 pg/ml), and cells harboring
derivatives of pUCcm" were grown in the presence of
chloramphenicol (25 pg/ml). Kanamycin (25 pg/ml) was used
to select for transposon TnS insertions.

MRHA assay. Bacterial cells were tested for the ability to
agglutinate human group O erythrocytes in the presence of
mannose as previously described (18).

Southern blot hybridizations. Preparation, hybridization,
and washing of blots under conditions of high stringency
were performed as described previously (19, 20, 26).

Insertion mutagenesis. The transposon Tn5 was introduced
into E. coli HB101(pSLM204) by infection with bacterio-
phage \ 221 rex::TnS cI857 Oam8 Pam?29 (4). Transductants
growing on medium containing both ampicillin and kanamy-
cin were harvested, and total plasmid DNA was isolated.
The resulting pool of plasmid DNA was used to transform
strain HB101 for ampicillin and kanamycin resistance, se-
lecting for plasmids into which the transposon had been
inserted. Plasmid DNA was isolated from individual trans-
formants, and restriction analysis identified the site of trans-
poson insertion.

DNA manipulation and analysis. Plasmid DNA was iso-
lated by the method described by Birnboim and Doly (2) or
by cesium chloride-ethidium bromide density gradient cen-
trifugation following alkaline lysis as described by Maniatis
et al. (11). Restriction endonuclease digests were carried out
according to the manufacturers’ recommendations (Be-
thesda Research Laboratories, Gaithersburg, Md.; Boeh-
ringer Mannheim Biochemicals, Indianapolis, Ind.; Interna-
tional Biotechnologies, Inc., New Haven, Conn.). Digests
were analyzed by electrophoresis in agarose or polyacryl-
amide gels.

Expression of plasmid-encoded proteins in maxicells. Max-
icell analysis was performed by a modification of the method
described by Sancar et al. (23). Overnight cultures of organ-
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FIG. 1. Sites of transposon insertion in pSLM204. Solid triangles represent Tn5 insertions which abolished the MRHA phenotype; open
triangles represent TnS insertions which retained the MRHA phenotype. Numbers above triangles identify specific inserts referred to in the
text. All transposon insertions outside of the enlarged area are MRHA positive and are not shown. The size scale refers to the enlarged region.

isms harboring plasmids of interest were diluted and grown
at 37°C in K-broth (22) to exponential phase and then
exposed to UV radiation from a germicidal lamp. Following
irradiation, cultures were incubated for 1 h at 37°C, and then
cycloserine was added to a concentration of 200 pg/ml.
Incubation was continued for 12 to 16 h at 37°C. Cells were
harvested and washed three times with Hershey salts (23)
and then incubated for 30 to 60 min at 37°C in Hershey
medium (23). [>*S]Methionine (1,120 Ci/mmol) (ICN Biomed-
icals, Costa Mesa, Calif.) was then added to a final concen-
tration of 5 wCi/ml, and incubation was continued for an
additional hour. Cells were then washed twice with Hershey
salts. The radioactive polypeptides were separated on a
denaturing 12.5% (wt/vol) polyacrylamide-SDS gel as de-
scribed by Laemmli (10) and visualized following autoradi-
ography.

Immunoblot procedures. Proteins of overnight cultures of
E. coli were separated by gel electrophoresis on a denaturing
12.5% polyacrylamide-SDS gel as described by Laemmli
(10). Transfer of the proteins to nitrocellulose filters was
accomplished by the methods of Towbin et al (28). Filters
were preadsorbed in TN buffer (50 mM Tris hydrochloride
[pH 7.5], 150 mM NaCl) with 3% bovine serum albumin
(BSA) at 37°C for 45 min. Filters were then incubated for 1
h at 20°C in anti-F41 antiserum (18) which had been diluted
1:100 in TN buffer with BSA and adsorbed with E. coli
HB101. The filters were then washed once in TN buffer with
0.1% SDS and then four times with TN buffer. The filters
were then incubated for 1 h at 20°C in TN with BSA to which
125Tprotein A (10 pCi/ng) (New England Nuclear Corp.,
Boston, Mass.) was added to a concentration of 125 nCi/ml.
The filters were then washed as described above and ex-
posed to X-ray film with intensification screens.

DNA sequence determination. The dideoxy chain termina-
tion method described by Sanger et al. (24) was used, with
the Klenow fragment of E. coli DNA polymerase (Boehr-
inger Mannheim Biochemicals), avian myeloblastosis virus
reverse transcriptase (New England Nuclear Corp.), and
modified T7 DNA polymerase (United States Biochemicals,
Cleveland, Ohio). Bacteriophage M13mpl8 and M13mp19

derivatives were used as the source for single-stranded DNA
templates (21).

RESULTS

Localization of the cloned F41 determinants. The determi-
nants for F41 biosynthesis are located on the 34-kilobase
(kb) recombinant plasmid pSLLM204, as described previously
(18). Organisms harboring this plasmid produce the F41
antigen and are MRHA positive with human group O eryth-
rocytes. In order to identify more precisely the region of
pSLM204 which encodes the F41 determinants, transposon
mutagenesis was used. A total of 170 independent Tn5
insertions in pSLM204 were screened for MRHA. The
locations of 30 randomly selected insertions which abolished
the MRHA phenotype and 29 randomly selected insertions
which did not affect the phenotype were determined by
restriction mapping.

The locations of selected transposon insertions in
pSLM204 and their effects on the MRHA phenotype are
shown in Fig. 1. The sequences required for F41 production
appeared to be contained in a 10.4-kb region, the boundaries
of which are defined by pSLM204::Tn5-/ and pSLM204::
Tn5-12, which retained the MRHA phenotype. All Tn5
insertions outside of the 10.4-kb region retained the MRHA
phenotype. Strains harboring plasmids with transposon in-
sertions in the 7.8-kb EcoRI-BamHI fragment generally lost
the MRHA phenotype. However, one transposon insert
(Fig. 1, Tn5-6) in the 7.8-kb EcoRI-BamHI fragment retained
the MRHA phenotype although surrounding inserts are
MRHA negative.

Production of F41 antigen. Insertion mutagenesis of
pSLM204 indicated that the sequences essential for F41
production lay within a 7.8-kb EcoRI-BamHI fragment. We
therefore cloned this fragment into pUC18cm®. The resulting
plasmid, designated pDGAY, directed synthesis of the F41
antigen and conferred MRHA ability. A restriction map of
pDGAS9 is shown in Fig. 2. Additional derivatives of pDGA9
were constructed in order to determine the expression and
organization of the genes involved in F41 biosynthesis (Fig.
2).
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FIG. 2. Plasmid pDGA9 and derivatives. The bars represent the portions of pPDGA9 incorporated into each plasmid. Vector sequences are
not shown. pDGA14 and pDGA20 are deletion derivatives of pPDGA9. pDGA10, pDGA12, and pDGA13 were constructed by inserting the
indicated fragments into pUC18cm’. pDGA11 was constructed by insertion of the indicated fragment into pUC19cm'. Peptides concluded to
be encoded by pDGA9 are indicated by size in boxes above the region where each peptide is encoded. Regions of DNA homology between
F41 and K88, as described in the text, are indicated by the shaded bar.

In order to define the region which encodes the F41
fimbrial subunit, the production of F41 antigen by pDGA9
and its derivatives was examined by Western blot (immuno-
blot) analysis. Organisms harboring plasmids pDGA9,
pDGA1l, and pDGA13 each produced a protein with an
apparent molecular mass of 29 kilodaltons (kDa) which
bound F41-specific antibodies (Fig. 3). Proteins encoded by
pDGA10 and pDGA12 did not bind the anti-F41 antibodies.
Since pDGA13 (antigen positive) differs from pDGA12 (an-
tigen negative) only in an additional 0.5-kb Sall-Kpnl frag-
ment which itself is not large enough to encode the 29-kDa
F41 antigen, the gene encoding the F41 antigen was con-
cluded to span the Sall site.

Expression and organization of genes involved in biosynthe-
sis of the F41 adhesin. Gene products associated with F41
biosynthesis were identified by labeling proteins encoded by

FIG. 3. F41 antigen production by pDGA9 and its derivatives.
Protéins from E. coli harboring various plasmids were separated by
SDS-polyacrylamide gel electrophoresis, transferred to nitrocellu-
lose by electroblotting, and probed with F41 antiserum. Bound
antibody was detected with *I-protein A and visualized by auto-
radiography. Lane a, pDGA13; lane b, pDGA10; lane ¢, pDGA12;
lane d, pDGA11; lane e, pUC18cm’, lane f, pDGAS9.

each of the recombinant plasmids in E. coli maxicells.
Plasmid pDGA9 directed the synthesis of at least four
polypeptides expressed from the cloned DNA, in addition to
the vector-encoded chloramphenicol acetyltransferase. The
apparent molecular masses of these polypeptides were 86,
32, 30, and 29 kDa (Fig. 4, bands a, b, ¢, and d, respectively).
The 29- and 30-kDa proteins were within the range reported
for the adhesin subunit (29.5 kDa). Plasmids pDGA9,
pDGA10, and pDGA14 directed the synthesis of the 86-kDa
polypeptide, whereas pDGA11, pDGA12, and pDGA13 did
not. These data suggested that the gene encoding the 86-kDa
polypeptide either was located within the Sall-SstI fragment
or spanned the Sstl site. In order to more precisely deter-
mine the location of the gene encoding the 86-kDa protein,
plasmid pDGA20 was constructed by deletion of a Kpnl
fragment of pDGA9 (Fig. 2). Maxicell analysis of this plas-
mid demonstrated the synthesis of a 60-kDa polypeptide
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FIG. 4. Polypeptide synthesis directed by pDGA9 and its deriv-
atives in E. coli maxicells. Maxicells were labeled with [*°S]
methionine, solubilized, and analyzed on an SDS-polyacrylamide
gel. An autoradiograph of the gel is shown. Lane 1, pUC18cm"; lane
2, pDGASY; lane 3, pDGA10; lane 4, pDGAL11; lane S, pDGA12; lane
6, pDGA13; lane 7, pDGA20. Arrows a through d and a’ indicate
polypeptides referred to in the text. Arrow e indicates the vector-
encoded chloramphenicol acetyltransferase. Positions of size stan-
dards are indicated on the left.
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FIG. 5. Detailed physical map of the region encoding the F41 antigen. Arrows indicate fragments which were used to determine the
nucleotide sequence and the direction of polymerization in the sequencing reactions.

(Fig. 4, band a’), probably a truncated form of the 86-kDa
protein. Thus, the gene encoding the 86-kDa protein spanned
the 1-kb Sst-Kpnl fragment (Fig 2).

None of the plasmids constructed directed exclusive syn-
thesis of the 29-kDa polypeptide. However, the 0.5-kb
Sall-Kpnl fragment appeared to be important for its expres-
sion. Plasmid pDGA12 directed the synthesis of only the 32-
and 30-kDa polypeptides, whereas pDGA13, which con-
tained the additional 0.5-kb Sall-Kpnl fragment, directed the
synthesis of the 32-, 30-, and 29-kDa polypeptides. Since
sequences within this fragment also appear to be essential
for F41 antigen production, the 29-kDa polypeptlde was
concluded to be the K41 antigen.

Nucleotide sequence of the F41 gene. Since the immunolog-
ical and maxicell data suggested that the region encoding the
F41 subunit spanned the Sall site of pPDGA13, we undertook
a DNA sequence analysis of that region of the plasmid. A
more detailed restriction map of the region upstream of Sall
was constructed, and appropriate restriction fragments were
cloned into M13mp18 and M13mp19 for nucleotide sequence
determination (Fig. 5). An 897-base open reading frame was
identified (Fig. 6). Of two potential initiator codons at
positions 94 and 154, only the codon at position 94 was
preceded by sequences indicative of the presence of a
ribosome-binding site (25). Assuming that translation is
initiated at this site, a polypeptide of 277 amino acids would
be encoded by the sequence. The amino-terminal amino acid
sequence suggested the presence of a signal sequence for
transmembrane secretion of the protein. A signal peptidase
cleavage site was predicted between Ala at position 22 and
Ala at position 23 by the weighted matrix method of von
Heijne (31). Cleavage at this site would result in a mature
polypeptide of 255 amino acids, with an amino-terminal
sequence in close agreement with the F41 amino acid se-
quence reported previously (6). The only discrepancy is Ile
at position 34, which was reported as Leu.

The sequence analysis also revealed homology with the
previously reported nucleotide sequence upstream of and
extending into the coding region of the gene encoding the
K88 antigen (7) (Fig. 6).

Genetic homology of F41 and K88 accessory proteins. The
genetic determinants of the K88 and F41 adhesins show
extensive DNA homology (18). Since no homology was
observed in the nucleotide sequences of the mature K88 and
F41 fimbrial subunits, we concluded that the genetic homol-
ogy of the adhesin determinants is confined to intergenic
regions or sequences encoding accessory proteins involved
in adhesin biosynthesis. The genetics and functions of the
accessory proteins in K88 biosynthesis have been studied
extensively (15, 16, 29). Since accessory proteins of F41
which share DNA homology to K88 accessory proteins

probably have similar functions, we sought to more precisely
localize the regions of DNA homology. The F41-encoding
plasmid pDGA9 was digested with PstI, BstEIl, and Hincll
and then probed in Southern blot experiments under condi-
tions of high stringency with pMKO005, a recombinant plas-
mid which mediates K88 expression (8). With the exception
of fragments in the 1.2-kb PstI fragment (at the left of the
fragment shown in Fig. 2) and the fragments internal to the
F41 antigen gene, every restriction fragment hybridized to
the K88 probe (data not shown). Regions of homology are
shown in Fig. 2. This indicated that extensive nucleotide
sequence homology exists throughout the accessory protem-
encoding genes of the K88 and F41 adhesins.

Since previous probes for K88 and F41 genetic determi-
nants were entirely cross-reactive (18), we constructed F41-
and K88-specific probes by using fragments internal to the
adhesin subunits. The 617-bp Hincll-PstI fragment of
pDGA9, which is internal to the F41 subunit gene, did not
hybridize at high stringency with pMKO005, which encodes
K88. Conversely, the 382-bp EcoRI-HincIl fragment of
pMKO005, which is internal to the K88 subunit gene, did not
hybridize at high stringency with pDGA9.

DISCUSSION

We have determined the genetic organization of at least
four polypeptides which are involved in biosynthesis of F41
and have identified and sequenced the gene encoding the F41
antigen. We have shown that the homology between the K88
and F41 determinants spans the entire region which mediates
adhesin biosynthesis, exclusive of the antigen genes them-
selves.

The genetic organization and apparent molecular masses
of the proteins required for biosynthesis of F41 are similar to
those reported for the accessory proteins of other fimbrial
adhesins, including type 1, P fimbriae, K99, and K88 (5). The
86-kDa protein associated with F41 production is presum-
ably functionally analogous to the 76- to 86-kDa proteins
encoded by other adhesin determinants (5, 16). These large
proteins have been suggested to serve as an anchor or pore
in the outer membrane through which the adhesin subunits
are attached or extruded (5, 16). Maxicell analysis of E. coli
harboring plasmids which contain the region immediately
downstream of the gene encoding the F41-associated 86-kDa
protein demonstrated that this region directs the synthesis of
two proteins of 32 and 30 kDa. While these may represent
precursor and mature forms of the same protein, we have
been unable to demonstrate that inhibition of protein proc-
essing results in the accumulation of the 32-kDa protein (data
not shown). Biosynthesis of other adhesins has been shown
to involve secreted accessory proteins of similar sizes (5, 9,
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FIG. 6. Nucleotide sequence of the gene encoding the F41 antigen, and the deduced amino acid sequence of the F41 antigen. The portion
of the sequence of the gene encoding the K88 antigen (6) with homology to the F41 sequence is shown directly above the F41 sequence.
Nucleotides which are identical in K88 and F41 are underlined in the K88 sequence. Gaps in the K88 and F41 sequences necessary to maintain
alignment are indicated by hyphens. Sequences encoding a presumptive ribosome-binding site (25) are underlined in the F41 sequence. *,
Terminator codon.
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15). Mooi et al. (13, 16) have suggested that a 27-kDa protein
which is encoded in a similar position in the K88 operon is
involved in transport and modification of the fimbrial subunit
in the periplasmic space. Unlike the accessory proteins of
the other adhesins, however, the 30- and 32-kDa proteins of
F41 appear to be encoded in a transcriptional unit separate
from that of the 86-kDa protein. These two proteins are
encoded 3’ to the 86-kDa protein determinant, yet they are
still expressed when the region encoding the 86-kDa protein
is deleted, regardless of the orientation relative to the
vector-encoded promoter. These observations suggest that
the 30- and 32-kDa proteins are transcribed from a separate
promoter.

Two additional accessory proteins associated with K88
production (14) were not detected by maxicell analysis of
plasmids mediating production of F41. Preliminary sequenc-
ing data, however, suggest the presence of additional genes
upstream of the region encoding the 86-kDa protein associ-
ated with F41 production and downstream of the F41 antigen
gene (manuscript in preparation). The region upstream of the
86-kDa protein gene is homologous to a region of the K88
operon previously shown to encode a fimbrialike protein
(14). Although expression of the encoded protein has not
been demonstrated, Mooi and co-workers reported that
deletion of the gene in K88 prevented expression of fimbriae
(14). A gene immediately downstream of the F41 antigen
gene appears to be in the same transcriptional unit as the F41
antigen gene and thus is likely to be involved in fimbria
production. However, organisms harboring pDGA14 (from
which this region has been deleted) are MRHA positive,
suggesting that it is not essential for fimbria production.
Mooi and co-workers (16) have reported a 27.5-kDa protein
encoded in a similar position in the K88 operon which also
appears to be involved in, but not essential for, fimbria
production.

We have shown that the F41 antigen is encoded in a region
downstream of genes encoding at least three accessory
proteins, a genetic organization similar to that reported for
the K88 determinants (13, 16). Like other fimbrial subunits,
the encoded F41 protein is a precursor of the mature protein,
containing a signal sequence of 22 amino acids. The pre-
dicted amino acid composition of the encoded protein differs
significantly from the previously reported amino acid com-
position of the F41 antigen purified from strain B41M (6).
DNA sequence analysis of the F41 subunit gene of strain B41
(unpublished observations) does not reveal divergence ex-
tensive enough to explain this discrepancy.

Transposon mutagenesis data raise the possibility that the
F41 subunit gene may be preceded by its own promoter. One
transposon insert which mapped immediately upstream of
the subunit gene retained MRHA ability (Fig. 1). Kehoe et
al. (8) observed a similar effect of a Tn5 insert in pMKO005
which mapped immediately upstream of the K88 subunit
gene. The nucleotide sequence of the F41 subunit gene
shows a region resembling a Pribnow box located upstream
of the gene, but there is no apparent —35 region. Occasion-
ally however, TnS insertions are nonpolar (4), and transcrip-
tion of the F41 subunit in this strain may result from a
promoter internal to TnS or from the fortuitous creation of
promoter sequences at the Tn5-F41 gene junction.

Limited homology was observed between the predicted
amino acid sequence of the F41 fimbrial subunit and reported
sequences of other adhesin antigens. Characteristics of the
F41 subunit which are shared by K88, K99, type 1, CFAI,
and PapA include a hydrophobic carboxy-terminal end and a
conserved tyrosine in the penultimate amino acid position
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(5). While most fimbrial subunits are characterized by a pair
of cysteines (7, 9), F41 is similar to K88 and CFAI in lacking
this amino acid.

The DNA homology between K88 and F41 determinants is
extensive and appears to include sequences encoding each of
the accessory proteins involved in adhesin biosynthesis but
not in genes encoding the fimbrial antigens themselves.
Comparison of nucleotide sequences from the region imme-
diately upstream of the F41 and K88 subunit genes reveals a
high degree of homology in the 102 nucleotides that precede
the subunit genes (Fig. 6). The homology extends into the
first 21 nucleotides of the region encoding the signal se-
quence of the subunits. With the exception of the signal
sequence, however, Southern blot hybridization and nucle-
otide sequencing data indicate that the genes for the K88 and
F41 subunits are entirely nonhomologous. With extensive
homology in genes that flank the fimbrial subunit genes but
complete lack of homology in the subunit genes themselves
(Fig. 2), it appears that in the evolution of K88 and F41, a
fimbrial subunit gene has been replaced by an entirely new
subunit gene.

Since previous K88 and F41 probes are entirely cross-
reactive (18), it has been impossible to determine whether
any strains harbor the genetic information for production of
both K88 and F41. Using the 617-bp HinclI-PstI fragment
(Fig. 2), we have constructed a probe which is internal to the
F41 subunit and does not hybridize to the K88 determinant.
At least one K88-producing strain has been identified which
hybridizes at high stringency to the F41-specific probe (R.
Schneider, personal communication). The extensive homol-
ogy between K88 and F41 accessory proteins and the
presence of an F41 subunit gene, or a sequence homologous
to it, in a K88-producing strain suggest a potential mecha-
nism for antigenic variation in response to antibody pres-
sure. We are currently attempting to complement mutations
in F41 accessory proteins with K88 proteins in order to
determine whether the accessory systems of the two adhe-
sins are interchangeable. The ability of an adhesin synthesis
and assembly system to rapidly evolve by a genetic ex-
change involving only the fimbrial subunit gene would have
significant implications for vaccine development strategies
based on antifimbrial antibody production.
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