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FIG. 3. Genetic organization of F1845 determinants. Sites of
transposon insertions in pSSS1 are indicated by triangles as follows:
open triangles, Tn5 insertions which abolish the MRHA phenotype;
solid triangles, TnS insertions which retain the MRHA phenotype.
Numbers above the triangles identify specific inserts referred to in
the text. Restriction maps of plasmid pSSS1 and its derivatives are

indicated by solid lines. Broken lines indicate Tn5 sequences. B,
BamrHI; b, BstEII; H, HindIll; K, KpnI; N, NdeI; P, PstI; S, Still;
s, Sstl; X, XhoI. Pstl sites are numbered for reference in the text.
Plasmids pSSS1.2, pSLM856, pSLM854, and pSSS2 are subclones
of pSSS1 in pUC vectors. pSSS3.1 is a subclone of pSSS1 in
pACYC184. Vector sequences are not shown. Peptides encoded by
pSSS1 are indicated by boxes below the regions where they are

encoded. The location of daaA is approximate. The numbers on the
boxes indicate the apparent molecular masses of the mature poly-
peptides in kilodaltons. The arrows indicate the direction of tran-
scription. KB, Kilobase.

scribed from left to right (Fig. 3). Two bands appear in the
same approximate position as bands c' in Fig. 9, lanes 2, 5,
and 6. These are most clearly seen in lane 5. Careful
examination of additional gels revealed that these bands
were distinct from bands c' (data not shown). We further
concluded that daaA was located upstream of daaB, since
the 10-kDa polypeptide was not expressed by pSSS1.2 (Fig.
9, lane 5). Plasmid pSLM854 expressed a protein of 15.5 kDa
(the daaD product) and the 14.3-kDa structural subunit (the
daaE product). Plasmid pSSS2 also expressed the daaD and
daaE products (data not shown). Plasmid pDAS105 ex-
pressed only the 14.3-kDa polypeptide (Fig. 9, lane 6). This
plasmid was constructed with the lacZ promoter of the
vector in the opposite orientation with regard to the insert
for expression to be mediated by the vector promoter. This
suggests the presence of a promoter immediately upstream
of the daaE coding region. The location of daaD was

concluded to be between daaC and daaE on the basis of the
previously determined location of daaE and the fact that the
daaD product was produced by pSSS2.
The daaD product is not essential for F1845 expression.

Neither pSSS3.1, a subclone of pSSS1::Tn5-49 in pACYC
184, nor pDAS105 (Fig. 3 and 6) directed functional F1845
adhesin production as determined by MRHA assays. How-
ever, E. coli DH5ot harboring both of these plasmids was

MRHA positive. Since neither plasmid contains daaD, the
data indicate that this gene is not essential for adhesin
production.
DNA hybridization studies. Southern blot hybridizations of

18.4Kd-

14.3Kd-

FIG. 4. Coomassie-stained polyacrylamide-SDS gel of F1845 pu-
rified from HB101(pSSS1). Lanes: 1, size standards; 2, F1845. Kd,
Kilodaltons.

plasmid and total DNAs from strain C1845, using the daaC
probe (Fig. 10), indicated that the F1845 determinant is of
chromosomal origin, since plasmid DNA did not hybridize to
the probe (data not shown). Twenty-six additional E. coli
isolates possessing DNA homology to the daaC probe were
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FIG. 5. lmmunoblot analysis of proteins encoded by E. coli
harboring pSSS1 subclones and TnS insertion derivatives. F1845
was detected with rabbit antiserum raised against purified pili of E.
c oli C1845. Equivalent amounts of total bacterial protein were
loaded in each lane, except for lane 3, which received 1/10 of the
amount of protein in lanes 2 and 4 through 11. This was necessary
for the sake of clarity because of the large amount of F1845
produced by pSSS1. Lanes: 1, size standards (indicated on the left
in kilodaltons); 2, pUC8; 3, pSSS1; 4, pSSS1::Tn5-3; 5, pSSS1::
Tn5-37; 6, pSSS1::Tn5-40; 7, pSSS1::Tn5-25; 8, pSSSI::TnS-12; 9,
pSSS1::Tn5-31; 10, pSSS1::Tn5-16; 11, pSSS2.
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FIG. 6. Detailed physical map of the region encoding the F1845

structural subunit. Arrows indicate fragments cloned into M13
phages mpl8 and mpl9 and directions of sequence analysis. P, Pstl;
Hf, Hinfl. PstI sites are numbered to correspond to Fig. 3. Plasmid
pDAS105 consists of the Hinfl fragment, which encodes the entire
daaE product, cloned into pUC18. bp, Base pairs.

examined for chromosomal or plasmid-associated homol-
ogy. Ten strains (38%) were found to have plasmid-associ-
ated homology with the probe (data not shown).

Using colony hybridizations, we studied the occurrence of
DNA sequences within daaE (the F1845 structural subunit
gene) among clinical E. coli isolates that had been shown to
share DNA homology with the daaC probe. We examined
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afaE TGTGAACGGTGGTTAATGTGGGGTAAGACAGCTTACTGATTCTGGGATGAA
11111111
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CAAGCGAGCGGGACAACGGGTATTACCACACTGACTGTGACCGAAGAGTGCCGGGTGCAG
GI nAl aSerGlyThrThrGlyll eThrThrLeuThrVal ThrGl uGl uCysArgVal Gin

GTCGGTAACGTTACCGCGACGCTCGCGCGAAGCAAGCTAAAAGACGACACGGCTATAGGG
Val 61 yAsnVal ThrAl aThrLeuAl aArgSerLysLeuLysAspAspThrAl all eG6y
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169

F1845 1 TFQASGTTGITTLTVTEECRVQVGNVTATLARSKLKDDTAIGVIGVTALG 50

AFA-I 1 NFTSSGTNGKVDLTITEECRVTVESKSESFLRSGLVANRHITNLGIQSTG 50

51 CN.GLQAALQADPDNYDATNLYMTSRNH. . DKLNVKLKATDGSSWTYGNG 97

51 CGTGQRVALKLGAGSYDDTNGAHMTHENGTDKLLVSMGSATGDGTQDGGV 100

98 VFYKTEGGNWGGHVGISVDGNQTDKPTGEYTLNLTGGYWTN 138

101 YYINRDGTGTGRWCSSYEMTNSTYQPASTP 130

FIG. 8. Optimal alignment of the predicted mature F1845 and
AFA-1 proteins. Symbols: :, identical amino acids; ., related amino
acids. Alignment and amino acid relatedness were determined by
the BestFit program of the University of Wisconsin Genetics
Computer Group software package (10).

615 E. coli isolates from healthy children and persons with
diarrhea for nucleotide sequence homology to the daaC
probe. Isolates from 45 persons were detected. Two probes
from the daaE region (Fig. 10) were used to probe these
isolates. Thirty six isolates (80%) hybridized to the daaE 5'
probe, and five isolates (11%) hybridized to both the daaE 5'
probe and the daaE 3' probe. Nine isolates (20%) did not
hybridize with either daaE probe. Some of the strains scored
as positive in the hybridization assays were weak, indicating
that homology with the probe was not complete.

DISCUSSION

We have characterized the genetic determinant of diffuse
adhesin production in E. coli C1845, a strain isolated from a
child with protracted diarrhea. The genetic organization and
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CCGACCGGTGAATACACACTGAACCTCACCGGGGGTTACTGGACGAACTAA
ProThrG6yGl uTyrThrLeuAsnLeuThrGl yGl yTyrTrpThrAsn

FIG. 7. Nucleotide sequence of daaE and its deduced amino acid
sequence. Numbering of the sequence begins from an upstream Pstl
site. The homologous region of the afaE sequence (18) is shown
directly above the daaE sequence. Identical bases are indicated with
a vertical bar. Underlined nucleotides encode a potential ribosome-
binding site. Underlined amino acids constitute the predicted signal
sequence.

FIG. 9. Polypeptide synthesis directed by pSSS1 and its deriva-
tives in E. c oli maxicells. Maxicells were labeled with
[35S]methionine, solubilized, and analyzed on a polyacrylamide-
SDS gel. An autoradiograph of the gel is shown. The molecular
masses of the size standards are marked in kilodaltons. Lanes: 1,
pUC8; 2, pSSS1; 3, pSLM856; 4, pSLM854; 5, pSSS1.2; 6,
pDAS105. The polypeptides encoded by pSSS1 consisted of DaaA,
DaaB. DaaC, DaaD, and DaaE, indicated by arrows a through e.
Arrow c' indicates the truncated forms of the DaaC polypeptide
product of pSLM856 (lane 3).
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FIG. 10. Hybridization probes derived from pSSS1. P, Pstl; H.
Hinfl. Blocks indicate the locations of the designated genes.

the number and sizes of proteins associated with adhesin
synthesis are consistent with findings on several other E. coli
fimbrial adhesins (37). The fimbrial morphology is similar to
that exhibited by the K88 fimbrial antigen (37), and the
morphology and structural subunit size appear to be similar
to those of adhesins from diarrheal E. coli isolates described
by Orskov et al. (36) and Hinson et al. (13). Restriction
analysis, nucleotide sequence analysis, and analysis of the
protein products of the F1845 determinant indicate that it is
a member of the afa family of E. coli adhesin determinants
described by Labigne-Roussel et al. (17, 18).

Protein products of five genes we have defined as daaA
through daaE are associated with F1845 adhesin production.
Labigne-Roussel et al. observed that afaA was not necessary
for AFA-I production and speculated that product of this
gene may have a regulatory function (18). Similarly, daaA is
not required for production of the F1845 adhesin as demon-
strated by the ability of plasmids lacking this gene to mediate
MRHA and DA. We believe that the daaA gene product may
also have a regulatory function, since plasmids lacking this
gene direct the production of reduced amounts of the daaE
product (unpublished data). Labigne-Roussel et al. have
demonstrated that the afaD product is not required for
AFA-I production (18). Consistent with this observation, we
have demonstrated through complementation experiments
that daaD is not essential for production of a functional
F1845 adhesin.
While we have thus found several similarities between the

F1845 and AFA-I determinants, the fimbrial structure of
F1845 and nucleotide sequence comparisons of daaE and
afaE demonstrate that F1845 is distinct from AFA-I. The
sequence divergence that we have observed which begins in
the coding regions of the signal peptides of F1845 and AFA-I
is consistent with the previous findings of Labigne-Roussel
and Falkow that heterogeneity in afaE exists among E. coli
isolates harboring DNA homologous to the other afa genes
(17). Comparison of the predicted amino acid sequences of
the mature F1845 and AFA-I proteins revealed a greater
degree of similarity between the amino-terminal portions of
the proteins, suggesting that this region is involved in
interactions with other components of the adhesin-synthe-
sizing complex. Our survey of E. coli isolates with the daaE
5' and 3' probes indicates greater conservation of the 5'
daaE sequences, which is consistent with a hypothesis of
greater structural constraints on the amino-terminal portion
of the protein.
Another possible member of the afa family of E. coli

adhesin determinants is the 075X adhesin determinant of
uropathogenic E. coli (46), also termed the Dr hemagglutinin
(35). Although the genetic organization of the Dr hemagglu-
tinin appears to differ somewhat, a comparison of published
restriction sites for the cloned Dr hemagglutinin determinant

revealed similarities to the F1845 determinant (33, 35).
Again, F1845 is likely to be distinct from the Dr hemagglu-
tinin, since adherences mediated by the two adhesins differ
with regard to chloramphenicol sensitivity (34). Our prelim-
inary data suggest that the Dr hemagglutinin and F1845
determinants are highly homologous upstream of the struc-
tural genes and that the sequences diverge in the structural
genes daiaE and draA (T. Swanson et al., manuscript in
preparation). Complementation experiments indicate that
MRHA sensitivity or resistance to chloramphenicol depends
on whether daaE is expressed, suggesting that the structural
subunits of these fimbrial adhesins determine receptor spec-
ificity (T. Swanson et al., manuscript in preparation).
Sequence divergence beginning in the signal peptide-

encoding regions of structural genes of related adhesin
determinants has also been demonstrated for the K88-F41
family (1). Another similarity between the afa and K88
adhesin families is the existence of members of each of these
families of genetic determinants on plasmids and chromo-
somes. Nataro et al. have described a plasmid-mediated
diffuse adhesin in an E. coli strain isolated from a case of
diarrheal disease (31), and our findings demonstrate that
daa-related sequences exist on plasmid or chromosomal
DNA. Similarly, K88-encoding sequences are found on
plasmids, while the related determinant of F41 production is
chromosomal (27). These findings suggest the development
of a common mechanism in E. coli for the generation of
antigenic diversity in structures that potentially mediate
essential virulence properties, such as adherence to mucosal
surfaces. Further study of the mechanisms of divergence
within adhesin families will be important for the design of
vaccine strategies directed against these structures.
Our results do not permit conclusions regarding the tran-

scriptional organization of the F1845 determinant. Labigne-
Roussel et al. found sequences upstream of afaE character-
istic of an E. coli promoter (18). These sequence are identical
to sequences upstream of the daaE gene. Our transposon
insertion data are consistent with the possibility of a pro-
moter directly upstream of daaE, as is the ability of
pDAS105 to direct synthesis of the daaE product. Our
transposon insertion data also suggest the possibility of
independent promoters for daaB and daaD, since inserts
presumably upstream of these genes did not prevent their
expression. However, TnS insertions are not always polar
(5). Transcription downstream of Tn3 may initiate from
within the transposon, or the insertion may fortuitously
create sequences which may function as promoters. Defini-
tion of the transcriptional organization of the F1845 deter-
minant will therefore depend on further experiments to
directly determine the location of transcript initiation.
The role of F1845 in diarrheal disease remains to be

determined. Strain C1845 appears to be pathogenic in an
animal model, attaching to and causing effacement of cecal
and colonic mucosal epithelia in piglets (H. W. Moon,
personal communication). An assessment of the role of the
F1845 adhesin in this virulence model will involve examina-
tion of C1845 derivatives deficient in F1845 production.
Construction of such derivatives is in progress.
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