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The afa gene clusters encode afimbrial adhesins (AFAs) that are expressed by uropathogenic and diarrhea-
associated Escherichia coli strains. The plasmid-borne afa-3 gene cluster is responsible for the biosynthesis of
the AFA-III adhesin that belongs to the Dr family of hemagglutinins. Reported in this work is the nucleotide
sequence of the 9.2-kb insert of the recombinant plasmid pILL61, which contains the afa-3 gene cluster cloned
from a cystitis-associated E. coli strain (A30). The afa-3 gene cluster was shown to contain six open reading
frames, designated afad to afaF. It was organized in two divergent transcriptional units. Five of the six Afa
products showed marked homologies with proteins encoded by previously described adhesion systems that
allowed us to attribute to each of them a putative function in the biogenesis of the AFA-III adhesin. AfaE was
identified as the structural adhesin product, whereas AfaB and AfaC were recognized as periplasmic chaperone
and outer membrane anchor proteins, respectively. The AfaA and AfaF products were shown to be homologous
to the Papl-PapB transcriptional regulatory proteins. No function could be attributed to the AfaD product, the
gene of which was previously shown to be dispensable for the synthesis of a functional adhesin. Upstream of
the afa-3 gene cluster, a 1.2-kb region was found to be 96% identical to the RepFIB sequence of one of the
enterotoxigenic E. coli plasmids (P307), suggesting a common ancestor plasmid. This region contains an
integrase-like gene (inf). Sequence analysis revealed the presence of an IS] element between the int gene and
the afa-3 gene cluster. Two other ISI elements were detected and located in the vicinity of the afa-3 gene cluster
by hybridization experiments. The afa-3 gene cluster was therefore found to be flanked by two IS elements in
direct orientation and two in opposite orientations. The afa-3 gene cluster, flanked by two directly oriented IS
elements, was shown to translocate from a recombinant plasmid to the E. coli chromosome. This translocation

event occurred via ISZ-specific recombination mediated by a rec4A-independent mechanism.

Escherichia coli is a frequent cause of intestinal or extrain-
testinal infections in both humans and animals. Among the
virulence properties expressed by this pathogen, adhesin pro-
duction plays an essential role in the colonization of the
mucosal epithelia. One class of adhesins that are not associated
with fimbrial structures on the cell surface were designated
AFAs, for afimbrial adhesins (25, 30). These adhesins are
expressed by different pathotypes of E. coli strains, including
uropathogenic strains that cause infections in adults and
children (25) and enteropathogenic (3) and enteroadherent
(30) strains associated with diarrhea in children. AFA proteins
mediate mannose-resistant hemagglutination (MRHA) of hu-
man erythrocytes and specific attachment to uroepithelial cells
(27) and to Hep-2, HeLa, and Caco-2 (unpublished data) cells
with a so-called diffuse adherence pattern (44). The first afa
gene cluster to be cloned (afa-1) was shown to be located on a
6.7-kb chromosomal fragment and to express polypeptides
encoded by five genes, afad to afaE, that are organized in an
operon (27). Among the five Afa products, only AfaB, AfaC,
and AfaE were found to be required for phenotypic expression
of the AFAs (26). To date, a precise function could be
attribuited only to the AfaE polypeptide, which was recognized
as the adhesin (26, 44).

We previously demonstrated that the afa gene clusters
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encode at least four antigenically distinct adhesins, which were
designated AFA-I to AFA-IV (25). AFA-III is encoded by the
afa-3 gene cluster; it is an afimbrial adhesin that belongs to a
family of hemagglutinins that recognize epitopes of the Dr
antigen as receptors (34). Among the adhesins belonging to
this family are the afimbrial adhesins AFA-I encoded by the
afa-1 operon (27) and the fimbrial adhesins Dr (35) and F1845
(8) encoded by the dra and daa operons, respectively. We
previously reported (30) the cloning of the afa-3 gene clusters
from strains belongiiig to different pathotypes (associdted with
diarrhea or cystitis). All were found to be highly conserved and
to be borne by a plasmid (100 kb in size), a situation that
differed from that of the afa-1 (30), afa-2 (unpublished data),
and daa (8) operons that were found to be chromosome
associated.

The aim of this study was to investigate afimbrial adhesin
AFA-III expression in detail. We report here on the determi-
nation of the nucleotide sequence of the 9.2-kb insert of
pILL61 that harbors the afa-3 gene cluster cloned from the
100-kb plasmid (pILL1055) of uropathogenic E. coli A30. This
gene cluster was composed of six genes. The corresponding
gene products, which potentially play a role in the biogenesis of
the afimbrial adhesive structure, were identified. Other defined
DNA sequences were identified in the close vicinity of the
afa-3 gene cluster, such as sequences that might be implicated
in pILL1055 plasmid replication and/or stability, as well as
several copies of IS! insertion sequences. Finally, we demon-
strated the capacity of the afa-3 gene cluster to translocate
from plasmid to chromosome by an IS/-mediated recombina-
tion mechanism. This finding suggests that the afa-3 adhesin-
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TABLE 1. Plasmids used in this study
. Antibiotic resis- Insert MRHA Source or

Plasmid tance marker® Vector Size (kb) Origin afa sequence phenotype reference
pILL61 Amp pBR322 9.2  Sau3A partial digest of total DNA of A30 afa-3 + 30
pILL1111 Tc pACYC184 6.2  Ncol-EcoRI fragment of pILL61 afa-3 + This study
pILL1108 Sp pILL570 2.6  Pstl fragment of pILL61 afa-3 - This study
pILL1110 Amp PBR322 2.8  EcoRI-Sphl fragment of pILL61 afa-3 - This study
pILL1099 Sp pILL570 119  Sau3A partial digest of pILL1055 from A30 afa-3 - This study
pILL1101 Sp pILL570 11.6  Sau3A partial digest of pILL1055 from A30 afa-3 + This study
pILL1096 Amp PACYC177 3.5  Smal fragment of pILL1099 afa-3 - This study
pILL1097 Amp pPACYC177 5.8  Smal fragment of pILL1101 afa-3 - This study
pILL1024 Sp pILL570 7.8  Sau3A partial digest of pILL1043 from AL845 afa-3 + This study
pILL1027 Sp pILL570 13.1  Sau3A partial digest of pILL1043 from AL845 afa-3 + This study
pILLO4 Amp pBR322 17 Sau3A partial digest of total DNA from KS52 afa-1 + 27
pILL1018 Sp pILLS570 11.6  Sau3A partial digest of pILL04 afa-1 + This study
pILL1055 None NA® 100 Plasmid from the wild-type strain, A30 afa-3 + This study (30)

¢ Abbreviations: Amp, ampicillin resistance; Sp, spectinomycin resistance; Tc, tetracycline resistance.

5 NA, not applicable.

encoding gene cluster might be able to disseminate within
bacterial populations.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. E. coli
A30 was isolated from an urine specimen from a patient with
cystitis (30). The previously described E. coli strains KS52 (27)
and AL845 (30) were isolated from a patient with pyelonephri-
tis and from a child with diarrhea, respectively. E. coli HB101
(10) was used as a recipient for recombinant plasmid analyses,
and E. coli JM101 (45) was used as a host for bacteriophage
M13 derivatives in nucleotide sequence analyses. E. coli
SE5000 (38) was used in maxicell experiments. Recombinant
plasmids used in this study are listed in Table 1. Vectors
pBR322 (9), pACYC177 (12), pACYC184 (12), pILL570 (24),
and M13mpl8 and M13mpl9 (45) were used in cloning
experiments. Plasmid pUCD800 (16), containing a kanamycin
resistance gene as well as the sacB gene, served as a tool in
translocation experiments. E. coli strains were grown in Luria
broth) without glucose (10 g of tryptone, 5 g of yeast extract, 5
g of NaCl per liter [pH 7.0]) or on Luria agar plates (containing
1.5% agar) at 37°C. Antibiotic concentrations for the selection
of transformants were as follows (in milligrams per liter):
ampicillin, 100; tetracycline, 10; spectinomycin, 100; kanamy-
cin, 20; and chloramphenicol, 20.

Hemagglutination and adherence assays. Hemagglutination
of washed human erythrocytes, in the presence of 2% (wt/vol)
a-methyl mannoside (MRHA phenotype), and adherence to
HeLa cells were tested as previously described (3).

PCR. Amplification reactions were carried out with a Per-
kin-Elmer Cetus thermal cycler under the conditions previ-
ously described (29).

Preparation of DNA. Plasmids were routinely isolated by an
alkaline lysis procedure (31), whereas whole-cell DNA was
prepared as previously described (25).

DNA methodology. Restriction endonuclease digestions and
other common DNA manipulations were performed by stan-
dard procedures according to the methods previously de-
scribed (24, 31).

Hybridization experiments. For Southern blot hybridiza-
tions, DNA restriction fragments were separated by electro-
phoresis in 0.7 or 1% agarose gels and transferred to nitrocel-
lulose sheets (0.45-pm pore size; Schleicher and Schuell, Inc.)
by the Southern blot technique (40). The afa probe consisted

of a 750-bp amplification product obtained with the primers
specifying the afa operon (30). The IS1 probe was prepared as
follows. First, the 0.6-kb PstI fragment of pILL61 (correspond-
ing to almost the entire IS element [see Fig. 2]) was subcloned
into pBR322. Second, this fragment was amplified by using
oligonucleotides that framed the PstI cloning site of pBR322 as
primers. Third, the amplified product was digested by Pstl,
electroeluted, and purified on an Elutip-d-minicolumn (Schlei-
cher and Schuell). Hybridizations were performed at 68°C with
probes labeled with 2P by using the Megaprime DNA labeling
system (Amersham International) and were revealed by auto-
radiography with Amersham Hyperfilm-MP. ,

DNA sequencing. Restriction fragments were cloned into
M13mp18 and M13mp19 or pBR322 vectors. Single-stranded
DNA templates were prepared by the polyethylene glycol
method (36), and the sequence was determined by the dideoxy-
chain termination method with a Sequenase kit (U.S. Bio-
chemical Corp.). Sequencing of double-stranded DNA was
performed as previously described (13). When required, new
oligonucleotide primers were synthesized on the basis of the
acquired sequence. Sixty-seven percent of the pILL61 insert
sequence, presented in Fig. 2, was determined for both strands
of the DNA. Nucleotide or protein database searches were
performed with FASTA, and sequence alignments were per-
formed with GAP and PILEUP programs by using the Genet-
ics Computer Group Sequence Analysis Software Package,
version 7-UNIX. Sequence analyses were also performed with
DNAid+, version 1.4 (F. Dardel and P. Bensoussan, Labora-
toire de Biochimie, Ecole Polytechnique, Palaiseau, France).

Maxicell analyses, SDS-PAGE, and protein purification.
Analysis of plasmid-encoded proteins was performed in the
maxicell producing E. coli SE5000 (38). Preparation of maxi-
cells, labeling of plasmid-encoded proteins with [>>S]methi-
onine (Amersham), preparation of whole-cell extracts, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (final acrylamide concentration of 15% [wt/vol]), and
visualization of polypeptides by fluorography were carried out
as described previously (38). To prevent signal peptide pro-
cessing, 9.5% ethanol was added to the assay medium. The
molecular masses of the proteins were estimated by using
SDS-PAGE standards ranging from 14,000 to 110,000 Da
(Bio-Rad S.A., Ivry, France).

Nucleotide sequence accession number. The pILL61 insert
nucleotide sequence accession number is X76688.
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FIG. 1. Structure of the afa-3 region. (A) Physical and genetic maps of the pILL61 and derivative plasmids pILL1108, pILL1110, and pILL1111.
The double-headed arrow shows the position of the 5.7-kb afa-3 coding region (30). The locations of the 11 genes described in this study are
indicated by boxes as well as single-headed arrows that refer to the direction of gene transcription. Numbers correspond to the molecular masses
(in kilodaltons) of the predicted mature polypeptides deduced from the nucleotide sequence shown in Fig. 2. (B) Restriction maps of derivative
plasmids pILL1099, pILL1101, pILL1096, and pILL1097 resulting from the cloning of the afa-3 gene cluster from the pILL1055 plasmid of E. coli
A30. The IS! positions are indicated by boxes, and their orientation (i.e., from the left inverted repeat to the right inverted repeat) is depicted by
arrows. Bars beneath the pILL1101 map refer to the following restriction fragments used as probes: A, 0.8-kb HindIII-EcoRI; B, 1.9-kb PstI; C,
4.6-kb Sphl; D, 1.4-kb Sphl-EcoRV; E, 0.6-kb BamHI-Smal. (C) Restriction maps of the pILL1024 and pILL1027 plasmids resulting from the
cloning of the afa-3 gene cluster from strain AL845. (D) Restriction map of the recombinant plasmid pILL1018, carrying the afa-1 operon cloned
from E. coli KS52. Thin lines represent the inserts and thick lines represent pBR322 (9), pACYC184 (12), pILL570 (24), or pACYC177 (12) DNA.
The conserved region of the afa operons is framed with dashed lines. Abbreviations: E, EcoRI; N, Ncol; P, Pstl; Pv, Pvull; S, Smal; Sp, Sphl.

RESULTS or displayed homologies with previously reported nucleotide

sequences.

Determination of the nucleotide sequence of the 9.2-kb
insert of pILL61. The recombinant plasmid pILL61 (Table 1,
Fig. 1A) was previously described as a plasmid expressing an
AFA-III adhesin (30). The nucleotide sequence of the pILL61
insert is shown in Fig. 2. The sequence from nucleotide 8485 to
nucleotide 9163 was previously published (30). The entire
sequenced region was 9,163 bp long and had an overall G+C
content of 53%, in agreement with the GC content of the E.
coli genome. Computer analyses revealed 11 open reading
frames (ORFs), illustrated in Fig. 1A with arrows. These ORFs
were considered to be significant, because they either encoded
peptides related to proteins expressed by the afa-1 operon (26)

Genetic organization of the afa-3 gene cluster. Five ORFs,
transcribed in the same orientation, were detected between
nucleotide 3471 and nucleotide 9128 (Fig. 2). These mapped to
the 5.7-kb afa-3 coding region (Fig. 1A) that we previously
characterized (30). The ORFs have been designated the afaA,
afaB, afaC, afaD, and afaE genes.

The afaA gene started at either bp 3471 or bp 3519 and
terminated at bp 3776. Because of the presence of a potential
ribosome binding site (RBS) (42) 10 bp upstream of the first
ATG (position 3471), the first ATG was assigned as the
starting codon of the afa4 gene. The AfaA product was found
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TGTTGTCATTCTGCACAGTTGTTTATCGTCACGGGTGTATGCCGGTTCCCGCARCTGTGACTGCCACCATACCTTTCATCTTAAAAACACTCACCGGTGT
GGTCCTGGTCGCTCATGCTGATGTGACTCTCCTCTGAGGCCGGGAAGCATGACGGTTTGCAGTAATAAAGTCCGCTGTCGCGCCACGGGTATTCATACAA
IHF binding site
TACGAAAACAGGTGATGTACCGGATTTCCCTTTCTGTGTCTTATATGTTCATACTGAAAATATAAATCAGTGTTTTATATCCATGTTCTTAATTTCACAA

ATTAATATCACATTATTTATTTAGTTTTTACTTTTCATGAAAAATATAACTTGTTTTTTGATTTGTATCCAAATTTTGTCACAAATCAATAATAGTCACT

—GATC box I
CATTCTATTTAATTTGATTATAACGATCTTTTATTCTACACATGAATAATATCCCGGTTATATATTCTGATTGTATTCTTTTTTGTGTTATCTGATTCCG

J. BACTERIOL.

FIG. 2. Nucleotide sequence of the pILL61 insert. The numbers on the left represent the nucleotide positions of the first base in each line. The
deduced amino acid sequences are shown in the single-letter code above the first nucleotide of the codons. Potential RBS, the promoter sequences
for the —35 and —10 regions, first amino acid residues of the mature proteins (+1), and regulatory regions (cyclic AMP-cyclic AMP receptor protein
[CAP] and integration host factor [IHF] binding sites and GATC boxes) are indicated above the nucleotide sequence. The ISI element is boxed and right
(IRR) and left (IRL) inverted repeats are underlined. The two PstI sites delineating the 0.6-kb fragment used as the ISI probe as well as the IS7 internal
Pyull site are positioned. Primers 1 and 2 (used in a PCR assay) and primers 3 and 4 (used to sequence the target-IS7 junctions) are also indicated.
Between bp 2670 and 3470, the nucleotides found to be different from those in the corresponding region of the daa gene cluster (7) are underlined.

to be a 101-amino-acid (aa) polypeptide with a calculated mass
of 11,735 Da. It exhibited marked homologies with E. coli

fimbrial regulators such as DaaA (7) (98.8% identity) and  the related daad gene (Fig. 3A).

PapB (5) (36.1%), as illustrated in Fig. 3A. It is noteworthy

that the second putative start codon of the afad gene (nucle-
otides 3519 to 3521) corresponds to the ATG start codon of

A second OREF, the afaB gene, resided between nucleotide
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GCAGTGGATTTGCGTGAAAGGCATTCCGCCGAAGGAAGGTGACAGGTGGGCGGAAGGGAAGGACGGGGAGAAGAAGGCTGACAAAGTCTCCCTGAATGTA

Q L S VSsS S CIXULFVRPUPAVIEKGRZPDUDVAGI KTV VEUWQOQRIA AG
CAGCTTTCAGTGAGCAGCTGCATCAAGCTGTTTGTTCGTCCGCCGGCGGTGAAGGGGCGACCGGATGATGTGGCCGGCAAGGTGGAGTGGCAGAGGGCCG

N RL KGVNZPTZPTFYTINILSTILTUVSGSGI KEVIKTERTETYTIASTFP
GCAACAGGCTGAAGGGGGTTAACCCGACGCCGTTTTACATCAACCTGTCCACGCTGACGGTGGGGGGTAAGGAAGTGAAGGAGCGTGAATATATTGCGCC

F S S REYUPULUPAGHTRVR RTFSGR *
GTTTTCCTCCCGTGAATATCCGCTGCCTGCGGGGCATCGGGTAAGGT TCAGTGGAAGGTGATAACGGATTACGGCGGGACCAGTAAGCAGTTTGAGGCAG

_RBS afac>(M R D T S S G RYM R T G V T G L
AGCTGAAGGGTTGAATACATAAGGTGATAACAGGGTAAATGACGGGCTGACAGATGCGTGATACTTCTTCAGGGCGGATGAGAACGGGGGTGACAGGGCT
+1
ALAVMVACVMTFRAESG GTIA ARTYSTFDA ARBAMMTILTEKTG GG GG K
GGCGCTGGCTGTGATGGTGGCCTGTGTGATGTTTCGTGCGGAGAGTGGTATTGCGCGCACCTACTCCTTTGATGCGGCCATGCTGAAAGGTGGCGGGAAG

G VDULTULTFEESGGAQL®PGTIYPVDTITIULNSGSURUVDSQEMA
GGGGTGGACCTGACCCTGTTTGAGGAAGGTGGGCAGTTACCCGGCATTTATCCGGTTGACATTATCCTGAATGGT TCCCGTGTGGATTCACAGGAGATGG

FHAERUDA AETGRPYLI KT CLTREMLARYSGVRTIETETYT?P
CCTTTCACGCGGAGAGGGACGCGGAGGGCAGGCCTTATCTGAAGACCTGTCTGACCCGTGAGATGCTGGCGCGTTACGGGGTCAGGATTGAGGAATATCC

AL FRASGETGRGASVAETEACADTILTA ATIUZPUO QATESYDOQ
GGCGTTGTTCCGTGCATCCGGAGAGGGTCGTGGTGCCTCCGTGGCGGAGGAGGCCTGTGCTGACCTGACGGCGATACCGCAGGCCACGGAGAGTTATCAG

FAAQQLUVLGTIUPOQVAPSAAMETGDWPEA ATLWDTUDSGTIU®PATF
TTTGCTGCCCAGCAACTGGTTCTGGGTATCCCTCAGGTGGCACCGTCCGCAGCTGAGGGGGATTGGCCGGAGGCGTTATGGGATGATGGCATTCCGGCTT

L L NWQANAGR R SEYRGYGI K RUVTDSYWVSsSsLQPGTIN
TTCTGCTGAACTGGCAGGCGAATGCGGGGCGCAGTGAGTACCGGGGT TACGGGAAGCGTGTCACGGACAGTTACTGGGTCAGTCTGCAGCCGGGAATCAA

I1 GP WRUVRNILTTUWNIRSSGOQSGKWESSYTIRAET RSGHL
CATTGGACCCTGGCGTGTGAGGAACCTGACCACCTGGAACAGGTCATCCGGTCAGTCGGGAAAATGGGAGAGTTCATACATACGTGCTGAGCGGGGGCTG

N GI KSRULTULGET D YT®PSDTITFDSVPFRSGAMMSSDE S
AACGGGATAAAGAGTCGCCTGACGCTGGGTGAGGATTACACGCCGTCAGACATTTTTGACAGTGTGCCTTTCCGGGGGGCGATGATGAGTTCTGATGAGA

M VP YNVLRETFAPVVRGIARTA QARTIEVR RI QNGYTLTIQ
GTATGGTGCCTTATAACCTGCGTGAATTTGCGCCGGTTGTACGTGGCATTGCCCGCACGCAGGCCAGGATAGAGGTGCGTCAGAACGGCTATCTGATACA

S QTVAPGAFALTDTULPVTSGSGSDIULOQVTVILESTDSGT
AAGTCAGACGGTGGCGCC ATTTGCCCTGACGGACCTGCCGGTGACGGGGTCCGGCAGTGACCTGCAGGTGACGGTGCTGGAATCAGACGGGACG

A QVFTVPFTTZPATIALRESGY YU LI KYNVTA ASGAO QYIRS SDD
GCGCAGGTTTTCACGGTGCCGTTCACCACGCCGGCCATTGCGCTGCGTGAGGGGTACCTGAAGTACAACGTCACGGCGGGTCAGTACCGTTCATCGGATG

FIG. 2—Continued.

4018 or 4024 and nucleotide 4761. It encoded a protein 245 or
247 codons in length, with two possible initiation codons
located four and seven nucleotides downstream of a putative
Shine-Dalgarno sequence, respectively. The first 29 or 27 aa
exhibited the features of procaryotic signal sequences (43).
The processed AfaB polypeptide was 218 aa in length (molec-
ular mass of 23.89 kDa), with a calculated pI of 9.94. Signifi-
cant similarities were found between the AfaB protein and the
periplasmic chaperone proteins involved in the biogenesis of

bacterial adhesive or capsular structures (21): these all have
the same size (230 to 260 aa) and a theoretical pI higher than
9. The protein sequence alignment of the AfaB peptide with
some of these molecular chaperones is shown in Fig. 3B. The
highest level of homology (95.9% of identity) was found with
the NfaE protein (1), which is involved in the production of the
chromosomally encoded nonfimbrial adhesin NFA-I. The pre-
dicted AfaB product also shared significant homologies of 40.3
and 31.7%, respectively, with the molecular chaperone
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A VEUHTSULGQVTAMYGLZPWGOGLTUVYGGLOQGADTDYQ
ATGCGGTTGAGCACACGTCGCTGGGACAGGTGACGGCCATGTACGGTCTGCCG! T'GACGGTGTACGGGGGGCTTCAGGGAGCGGACGATTACCA

S AALGULGWSULGRULGA AV S LDTTU HSU RGO QAQIKTGHTUDYE
GTCTGCGGCTCTGGGGCTTGGCTGGTCACTGGGGCGTCTGGGGGCGGTGTCGCTGGACACGACGCACTCCCGGGGGCAGCAGAAGGGACATGATTATGAG

T GDTW®RTI®RYNIKS ST FEILTS GTSF FTA AASYOQY S S DGYHT
ACCGGTGACACCTGGCGTATCCGTTATAACAAGTCGTTTGAGCTGACGGGGACGAGTTTTACGGCAGCGAGTTATCAGTACTCATCGGATGGTTACCATA

L PDVLDTWRUDUDIRYAYRUHTENR RS SRR RTTTILSILSQS L
CGCTGCCGGACGTGCTGGACACCTGGCGTGATGACCGGTACGCATACCGTCACACGGAGAACCGGAGTCGCCGTACCACGCTGAGTCTGAGTCAGTCCCT

G Q WGGY VGLNGS S RDEY RDI RPHRDYFGASYSTSWN
GGGTCAGTGGGGCTATGTGGGACTGAACGGCAGCCGGGATGAGTACCGTGACAGACCGCACCGTGATTATTTTGGCGCGTCATACAGTACGTCCTGGAAC

N I S L S VNWSRNURNJSGG GYYGGWSRTET DSV S MWMSUV
AATATCTCGCTGTCGGTTAACTGGTCACGCAACCGCAACAGCGGCGGCTATTACGGTGGCTGGTCGCGTACGGAAGACAGTGTCAGTATGTGGATGAGTG

P LGRWFGGADNDTISTTA AAQMO QR STSGQDTHRYEA ASGIL
TGCCGCTGGGACGCTGGTTTGGGGGGGCGGATAACGATATCAGTACCACGGCGCAGATGCAGCGTTCCACGGGACAGGATACCCGGTATGAGGCCGGGCT

N GRAFDIRIRLYWDVREU OQMVZPGSE S HADTSRILNTILT
GAACGGACGGGCATTTGACCGCCGGCTGTACTGGGATGTCCGTGAGCAGATGGTGCCGGGCAGTGAGAGCCATGCTGACACCAGTCGTCTGAACCTGACG

WY GTVYGEULT GMYSY S STMRAOQLNAGMSGSMVAUHSE
TGGTACGGGACATATGGTGAACTGACGGGGATGTACAGTTACAGCAGCACGATGCGCCAGCTGAACGCCGGGATGTCCGGCAGCATGGTTGCCCACAGTG

G VT FGOQRTGDTVAILTIAAPG GV SGASVGGWZPGVRT
AGGGGGTCACCTTTGGTCAGCGGACCGGGGATACGGTGGCACTGATTGCGGCACCGGGCGTGAGTGGTGCGTCTGTGGGTGGCTGGCCGGGTGTGAGAAC

DFRGYTIULAGYA ASZPYOQENVLTTLDZPTTTFZ®PETUDA ATEVTP
GGATTTCCGGGGGTATACGCTGGCCGGTTATGCGTCACCGTACCAGGAGAACGTGCTGACACTGGACCCGACGACGTTTCCGGAGGATGCGGAAGTGCCG

Q T DSRUVVPTIEXKGAVVRAGFRTA RVYVGGRALUVSLARTZ QD
CAGACGGACAGTCGTGTGGTGCCGACGA I'GGTCCGGGCCGGATTCAGGACCCGTGTGGGTGGTCGTGCGCTGGTGAGTCTGGCCCGTCAGG

G TPLPF GAVVTVESGEWRGA QAAGSAGVVGDURGEVY
ACGGAACGCCGCTGCCGTTTGGTGCGGTGGTGACAGTTGAGGGCGAACGGGGTCAGGCTGCGGGATCAGCCGGTGTGGTGGGAGACCGTGGTGAGGTGTA

L $ GL KE S G K VLKA AQWGENSTLTCHADT YR RTILUPETETKTGT?PA

CCTGAGCGGGCTGAAGGAAAGCGGTAAGCTGAAGGCGCAGTGGGGAGAGAACAGTCTGTGCCATGCGGATTACCGTCTTCCGGAAGAGAAGGGTCCTGCG
afaD >
G I FLTRTUVCMH™* M N G S I RKMMRPRUVTCGMTLL

GGGATATTTCTGACCCGTACGGTGTGTATGTGACGGGAGGAGCCGGAGATGAACGGGAGTATAAGGAAGATGATGCGTGTCACCTGCGGGATGTTACTGA
+1 RBS

VM S GV S QAAETLU HILESRGSGSGTAOQULRDSGA AZ KUVATGR

TGGTCATGAGTGGTGTGTCGCAGGCGGCTGAGCTCCACCTGGAGAGCCGGGGAGGTTCAGGAACGCAGCTGCGCGATGGTGCGAAGGTGGCGACGGGGCG

I I CREAHTSGT FHUVWMNEU R OQVDGRAEIRYVV QS KTDSG
GATTATCTGCCGGGAGGCGCACACGGGTTTTCATGTGTGGATGAATGAGCGTCAGGTGGACGGCAGGGCGGAGCGCTATGTGGTGCAGAGTAAGGATGGT

R HEULRVRTGGDGWSUPVKGETSGS GIEKTGVSsSRZPGUOQETE-~QVTF
CGTCATGAGCTTCGTGTCAGGACAGGAGGAGATGGCTGGTCGCCGGTGAAGGGAGAAGGCGGGAAGGGGGTGTCGAGGCCCGGTCAGGAGGAGCAGGTTT

FDVMADGNO QDTIA APGEYRTFSVGGACUVVPOQE *

TTTTTGATGTGATGGCGGACGGAAATCAGGACATTGCTCCTGGTGAATACCGGTTTTCGGTTGGCGGAGCCTGTGTGGTGCCACAGGAATAAAGCGCAGA
AGAAAAACAGAAGAAAAAGACAAAAGCACAACACAGCATAAAACAAAAACAAAGCAGAAAACACAGAGAGTATTTATTTCACCGGATAAATTAACTGAAA
TGAAATAAACACTGATTCACGCATGGACCGTGACTTGTATTCCGCAGAAGAGGTGGAGGGATACCTGCAACCCGGAGGGGGCACGCAGGGAATACAGGAA
AGAATAAAGAATAAAGGAAAAATAAAAGACCAGAGAAGGAAAGCACAAAGCTGATTAACACAGGCAGTTAATCCGTGCTGGCGGTTTATTACATAAATAT
AAATCGGCCATCCGGATTTAATTTAAACAGTCAGAATCATTTAAATCAGAAATAAGGTGGAGGTTTTATTATGGGTAATCTGCCAGTGGGAAGTCGTGGT
TTATATAAAGGTAAAAAACGCAGCGCCGGTATGAATGAATTACGTCATCCGGGAAGCACACAGATGACGCGCACTGGTCAGGCGCATCGTGGTGGCGAAC
ACCGGCTGAACACGGGGCCACCGGACTGGCAGACCGTGGAATAAGGCATCACCGTGAACGTTGTCTGCGGCTTTATGAGCAAGCCCTGCAGTCAGAAACT
TACTTATATGCAATGAACAGTCTCTGCTGCGGGTGCAGACATCTGTGAACGGTGGTTAATGTGGGGTAAGACAGCTTACTGATTCTGGGATGAATTAGAC

afaR> M K K L A I M A A A S MV F AV S S A
CGTACTGTTGTGTTACCCCCTCACAAAACTGAACAGGTAATCAATATGAAAAAATTAGCGATCATGGCCGCGGCCAGCATGGTGTTCGCCGTGAGCTCCG
+1
HAGFTZPSGTTGTTI KU LTUVTEZET CQV RV GDULTVAIKT
CGCATGCTGGGTTCACCCCGAGTGGCACCACCGGCACCACCAAACTCACAGTTACCGAAGAGTGCCAGGTACGGGTTGGTGACCTGACCGTGGCTAAGAC

R G QL TDA AAPTIGTPUVTVQALSGCNARIU QVALIKADTDN
TCGTGGCCAACTGACGGACGCAGCACCAATAGGGCCGGTCACCGTGCAAGCGCTGGGATGCAACGCCCGCCAGGTCGCGTTGAAGGCAGACACCGATAAC

FEQGI XKV FT FLTISDNNR RDIEKTILYVNTIRPMDNSAWTTUDNG
TTCGAACAGGGCAAGTTCTTCCTGATCAGCGACAACAATAGGGATAAGCTCTATGTCAATATACGGCCTATGGATAACTCCGCCTGGACGACCGACAATG

VFYXKNDVGSWGGTTIOGTIVYVDGQQTNTZ?PZPGNYTTLT
GTGTCTTCTACAARAAACGATGTCGGGAGCTGGGGTGGAACTATCGGGATCTACGTAGATGGGCAACAAACGAACACACCGCCCGGCAACTACACACTGAC

L T GG Y WA K *
CCTGACCGGGGGTTACTGGGCAAAATGAGGCACCAATCACCCGCTGGCCGAAAATAAAAAATA

FIG. 2—Continued.
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(CafiM) of the Yersinia pestis capsule antigen F1 (15) and
the PapD chaperone involved in the biogenesis of the P
fimbriae (17). A chaperone consensus sequence deduced
from the alignment of 13 members of the family was pro-
posed by Jones et al. (21). AfaB contained 9 of the 12 aa
considered to be invariant, which are included the two cleft

residues (Arg-8 and Lys-112) that in PapD were shown to
make up a critical binding site (21). Moreover, 42 of the 52
conserved residues are present in the processed AfaB peptide
(Fig. 3B).

The afaC gene corresponded to a long coding sequence
located 92 bp downstream of the afaB gene (nucleotides 4854
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FIG. 3. Protein sequence alignments. Gaps have been inserted in the sequences to obtain maximum homology. Numbers correspond to the
amino acid positions of the largest proteins. Asterisks mark residues identical to those of the Afa sequences. (A and C) Alignments of AfaA and
AfaF with related transcription regulatory proteins. In panel A, the protein sequence of AfaA is aligned with those of DaaA (7) and PapB (5).
In panel C, the protein sequence of AfaF is aligned with those of DaaF (7) and Papl (5). (B) The protein sequence of AfaB is aligned with those
of the periplasmic chaperones NfaE (1), CafIM (15), and PapD (17). The positions of the residues described by Jones et al. (21), characteristic
of the periplasmic chaperone family, are indicated by letters (invariant residues) and dashes (conserved hydrophobic characters or residues
conserved in 8 of the 13 sequences aligned). (D) The protein sequence of Int is aligned with that of the D protein (D prot) of the mini-F plasmid
(28). The 40-aa segment, which is a signature of the site-specific recombinases of the \ integrase family (4), is framed. The 3 aa common to all

known integrases (4) are underlined.

to 7433). This ORF had two potential start codons at positions
4854 and 4878. Although only the first ATG (position 4854)
was preceded by a potential RBS, the putative signal sequence
was considered to start at nucleotide 4878 because it would
better match the consensus sequence (43). The hypothetical
encoded peptide was 851 aa in length, with a calculated
molecular mass of 92.9 kDa. A database search revealed

homology between AfaC and outer membrane proteins such as
FimD (33.9% identity) (23), MrkC (29.9%) (2), or PapC
(27%) (32), involved in the assembly of bacterial fimbriae, as
well as CaflA (44.9%), necessary for Y. pestis capsule biogen-
esis (22). Analysis of the secondary structure prediction re-
vealed that mature AfaC has the same molecular mass, the
same amino acid composition, and the same typical features of
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outer membrane proteins as the other proteins of the PapC
family.

Following the afaC gene was a short intergenic region of 15
bp and an ORF able to encode a polypeptide unrelated to any
protein sequence in the database. This ORF, designated the
afaD gene, mapped to the same locus as that of the afaD gene
within the afa-1 gene cluster. This locus was previously shown
to encode a polypeptide not essential for MRHA expression
(26). The afaD gene of the afa-3 gene cluster of pILL61 had
three potential in-frame initiation codons at nucleotides 7449,
7470, and 7473, with a termination codon at nucleotide 7890.
All three potential ATG codons were preceded by a Shine-
Dalgarno sequence and followed by a probable signal peptide
sequence with a classical cleavage site (Ser-Gln-Ala) recog-
nized by the signal peptidase I. The predicted mature AfaD
protein contained 121 residues with a deduced molecular mass
of 13.16 kDa and a pI of 6.52 and demonstrated a high glycine
content (16.5%). The secondary structure of the protein
consisted mainly of B-sheet structures with very short strips of
a-helix.

Finally, the DNA region between bp 8646 and bp 9128
corresponded to the afaE gene that encodes the 15-kDa
AFA-III adhesin, previously designated afaE-3 (30).

Immediately upstream of the afad gene was an 801-bp
noncoding region (from nucleotide 2670 to nucleotide 3470)
preceded by an ORF (bp 2412 to 2669) transcribed in the
opposite orientation from that of the afad, afaB, afaC, afaD,
and afaE genes. The product of this 85-aa ORF (molecular
mass of 9,731 Da) had homologies with fimbrial regulatory
proteins such as the Papl activator (5) and the DaaF peptide
(7) (48.6 and 90.7% identity, respectively) (Fig. 3C). This
OREF, which was designated afaF, was considered to have a
possible regulatory function on the expression of the other
afa-3 genes. Sequence analyses of the pILL61 insert revealed
that the afad and afaF genes were homologous with those of
the daa gene cluster, as was the afad-afaF intergenic region.
Alignment of the region from nucleotide 2670 to nucleotide
3470 of pILL61 with the published sequence of the daa
promoter region (7) revealed more than 95% (773 of 801)
identical nucleotides. The two promoters as well as the poten-
tial regulatory sequences involved in the binding of the leucine-
responsive regulatory protein (Lrp), cyclic AMP-cyclic AMP
receptor protein, and integration host factor, which had been
identified in the daa intercistronic region (7), were also found
in the afaF-afaA intergenic region (Fig. 2).

DNA sequence analysis of the 2.4-kb region located up-
stream of the afa-3 gene cluster. Ninety-six percent identity
was found between the DNA sequence located upstream of the
afa-3 gene cluster (bp 1 to 1197 [Fig. 2]) and a region of the
P307 enterotoxigenic plasmid (37) that corresponded to a part
of a replicon (RepFIB) capable of autonomous replication.
This similarity included (i) an ORF (designated rep’; bp 1 to
202) encoding a truncated peptide almost identical (65 of 66
aa) to the carboxy-terminal domain of the RepA protein, a
protein that is involved in the replication of the RepFIB
replicon; (ii) a stretch of DNA including sequence and motifs
(bp 203 to 480) that have been reported to be necessary for the
autonomous replication of RepFIB (41); and (iii) an ORF (bp
481 to 1221), transcribed in the same orientation as that of the
afaF gene (Fig. 1), homologous to an ORF of P307 (ORF-3)
(37). The ORF on pILL61, designated the int gene, encoded a
246-aa polypeptide (molecular mass, 28.1 kDa) that displayed
48.5% identity and 61.8% similarity with the D protein of
mini-F, a site-specific resolvase (28). Figure 3D shows the
alignment of the Int protein of pILL61 with the D protein of
mini-F. This alignment reveals the presence of a 40-aa con-
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served motif located at the C-terminal end of the proteins that
contains the triad His-Arg-Tyr, which allows one to identify
such a protein as a site-specific recombinase of the \ integrase
family (4).

An ISI insertion sequence was identified 3 bp downstream
of the initiation codon of the int gene. The putative RBS of the
int gene was located within the right end of IS7 (Fig. 2). The
whole pILL61 ISI nucleotide sequence only differed by 1 bp
(A-T substitution at bp 1731) from the ISI element character-
ized by Johnsrud (19). It contained the three typical ORFs of
the ISI element, designated the insA, insB, and insC genes
(11). In pILL61, these mapped to bp 1937 and 1662, 1617 and
1240, and 1274 and 1564, respectively. No direct repeated
duplications of the expected nine nucleotides (20) were ob-
served at the junctions between the targeted site and the IS
element. .

Expression of the afa gene cluster in E. coli maxicells. To
visualize the proteins expressed by the different identified
ORFs, pILL61 and derivative plasmids (pILL1108, pILL1110,
and pILL1111 [Table 1 and Fig. 1A]) were transformed into
the E. coli maxicell-producing strain SE5000. Comparison of
polypeptides expressed by pILL61 and pILL1111 and the
corresponding vectors pBR322 and pACYC184 (lanes 4, 5, 6,
and 7 in Fig. 4A) allowed us to detect the expression of five Afa
proteins with apparent molecular masses of 94, 30, 17.5, 15.5,
and 11 kDa. The 94-kDa protein was attributed to the afaC
gene. Further investigations were required to unambiguously
identify the other gene products. The 30-kDa protein was
identified as the AfaB product; it was present in the pILL1111
and pILL61 profiles and absent from the pILL1108 and
pILL1110 ones. The 17.5-kDa protein, identified as the afaD
gene product, was expressed by pILL1108, pILL1111, and
pILL61 and was not expressed by pILL1110. This was further
confirmed by the fact that purified AfaD product migrated on
SDS-PAGE gels as a 17.5-kDa protein (Fig. 4B). In the same
way, the 15.5-kDa protein of pILL61 and pILL1111 was
recognized as the AfaE adhesin (Fig. 4). In addition, the
purified 15.5-kDa protein exhibited MRHA properties. Fi-
nally, the 11-kDa polypeptide present in pILL1111, pILL61,
and pILL1110, but absent from the pILL1108 profile, was
identified as the AfaA product. On the whole, the results of the
maxicell experiments were consistent with the deduced num-
ber and molecular masses of the afa gene products determined
by sequence analysis. One of the two exceptions to this were
the AfaB and AfaD proteins, which were found to migrate in
SDS gels more slowly than expected. Such a discrepancy might
reflect the existence of posttranslational modifications of the
two polypeptides. The other exception was the absence of the
afaF gene product from SDS-polyacrylamide gels, presumably
because of a low level of expression of AfaF, a regulatory
protein.

IS1 elements in the vicinity of the afa-3 gene cluster. The
afa-3 gene cluster was cloned from the 100-kb pILL1055
plasmid present in the E. coli A30 isolate. On the basis of the
nucleotide sequence analysis, a unique copy of the ISI element
was found to map to the pILL61 9.2-kb insert, whereas
Southern hybridization experiments demonstrated six copies of
IS on the whole pILL1055 plasmid (data not shown). We
therefore decided to further investigate the presence of other
copies of ISI in the vicinity of the afa-3 gene cluster. DNA
sequences located upstream and downstream of the 9.2-kb
insert of pILL61 were isolated from pILL1055 by cloning
partially digested Sau3A fragments (of between 6 and 13 kb)
into pILL570 and then screening the recombinant plasmids
with an afa probe by Southern hybridization. Two recombinant
plasmids, pILL1099 and pILL1101 (Table 1 and Fig. 1B), were
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FIG. 4. Expression of Afa polypeptides. (A) Fluorographs of plasmid-mediated polypeptides expressed in maxicells labeled with [>*S]methi-
onine and analyzed on SDS-15% polyacrylamide gels. The molecular masses of size standards (in kilodaltons) are indicated on the left. The
unprocessed forms of the AfaA, AfaB, AfaC, AfaD, and AfaE polypeptides and that of the truncated AfaC peptide are indicated by letters (A,
B, C, D, E, and C*, respectively). The presence or absence of ethanol in the assay media is indicated by (+) or (—). The 30-kDa AfaB product
comigrates with the unprocessed B-lactamase of pBR322 in the pILL61 profile obtained in the presence of ethanol. Lanes 2, 5, and 7, vectors
pILL570 (lane 2), pBR322 (lane 5), and pACYC184 (lane 7). Lanes 1, 3, 4, and 6, recombinant plasmids pILL1110 (lane 1), pILL1108 (lane 3),
pILL61 (lane 4), and pILL1111 (lane 6). (B) SDS-PAGE of the purified AfaE (lane 2) and AfaD (lane 3) proteins after Coomassie blue staining.
Molecular size standards are shown in lane 1. Protein sizes are indicated in kilodaltons.

selected, and these contained inserts of 11.9 and 11.6 kb that
extended over regions located either upstream (pILL1099) or
downstream (pILL1101) of the afa-3 gene cluster. For each
plasmid, two PstI restriction fragments (2.5 and 0.6 kb in size)
hybridized with the ISI probe (Fig. 5, lanes 2 and 3). The
0.6-kb PstI hybridizing fragment corresponded to the 0.6-kb
fragment of pILL61 used as a probe and therefore contained
the first identified IS element (Fig. 5, lane 1). The 2.5-kb PstI
hybridizing fragment of pILL1099 and pILL1101 corre-
sponded to different sequences of pILL1055, located either
upstream (pILL1099) or downstream (pILL1101) of the afa-3
gene cluster (Fig. 1B). This assumption was confirmed by

1 2 3
- 25
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06
A B A B A B A B A B

FIG. 5. Genetic location of ISI sequences around afa operons. (A)
Agarose gel electrophoresis of PstI-restricted plasmids. Lanes: 1,
pILL61; 2, pILL1099; 3, pILL1101; 4, pILL1024; 5, pILL1027; 6,
pILL1018. (B) Southern blot analyses with ISI as a probe. Molecular
sizes (in kilobases) of the hybridizing fragments are indicated on the
right.

subcloning the 3.5-kb Smal fragment of pILL1099 and the
5.8-kb Smal fragment of pILL1101 into pACYC177, resulting
in recombinant plasmids designated pILL1096 and pILL1097,
respectively (Table 1 and Fig. 1B). Both of the Smal fragments
hybridized to the ISI probe, allowing us to conclude that both
carried DNA sequences homologous to the ISI element (not
shown). To confirm the presence of an entire ISI element in
each of these fragments, gene amplifications were performed
with a couple of primers designed to target the ISI nucleotide
sequence (ISI 1 to ISI 2 [Fig. 2]). Plasmids pILL1096 and
pILL1097 both led to the amplification of the expected 570-bp
internal fragment of IS!. In addition, the precise location and
orientation of each of the three copies of IS found in the
vicinity of the afa-3 gene cluster were determined by PyuII-PstI
restriction map analysis of pILL1096 and pILL1097, as shown
in Fig. 1B. The afa-3 gene cluster appeared to be flanked by
two IS] elements in direct orientation, whereas the third ISI
sequence was inserted in the opposite orientation. For each of
the three ISI sequences, the nucleotide sequences of the
junctions between the extremities of the ISI elements and the
pILL1055 target sites were determined by double-stranded
DNA sequencing of plasmids pILL1096 and pILL1097 with the
ISI 3 and ISI 4 oligonucleotides shown in Fig. 2. No duplica-
tion of the target site was found on either side of the individual
or paired IS/ elements.

Experiments were also undertaken to identify ISI elements
on recombinant plasmids harboring either the afa-3 gene
cluster from the diarrhea-associated E. coli strain, AL845 (30),
or the afa-1 gene cluster from the pyelonephritic strain, KS52
(27) (Table 1 and Fig. 1C and D). The restriction maps and
genetic organization of the sequences flanking the afa-3 gene
cluster of strain AL845 (Fig. 1C) were remarkably conserved
compared with those of the cystitis-associated strain, A30 (Fig.
1A and B). As for the A30 strain, three copies of ISI were
detected in the vicinity of the afa-3 gene cluster of strain
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FIG. 6. Southern blot analyses of total DNA extracted from strains AL853 and HB101. (A) Electrophoresis of SphlI-restricted total DNA and
hybridization with the ISI probe. Lanes: 1, HB101; 2, AL853. (B, C, and D) Results of hybridizations with the B, C, and D probes (see Fig. 1B),
respectively. Lanes: 3, 7, and 11, PsrI-digested AL853 DNA,; 4, 8, and 12, Sphl-digested AL853 DNA; 5, 9, and 13, PstI-digested pILL1101; 6, 10,
and 14, Sphl-digested pILL1101. Values (in kilobases) on the sides indicate the sizes of the hybridizing fragments.

ALS845 (Fig. S, lanes 4 and 5), which mapped to the same loci
and had the same orientation as those found in the pILL1055
plasmid (Fig. 1C). In contrast the 11.6-kb sequence originating
from strain KS52, harboring the afa-1 operon, did not contain
any ISI sequences (Fig. 1C and Fig. 5, lane 6).
Translocation of the afa-3 gene cluster. Because it is known
that any DNA sequence flanked by two transposable elements
is by definition a mobile element, we wanted to test the
capacity of the afa-3 gene cluster, which was flanked by two
entire IS elements, to move from one replicon to another.
Plasmid pUCD800, which harbors the sacB gene encoding the
levansucrase whose expression is lethal for E. coli cells in the
presence of sucrose (16), was introduced into HB101 harbor-
ing the pILL1101 plasmid. After transformation, bacteria were
plated on agar medium containing kanamycin and 5% sucrose
to positively select for bacteria in which insertion into the sacB
gene had occurred. Of 100 clones analyzed, 1 had lost spectino-
mycin resistance capability but retained the ability to aggluti-
nate human erythrocytes. Plasmid analysis of this clone dem-
onstrated the absence of the original pILL1101 plasmid and
the acquisition within the sacB gene of a 2.3-kb fragment.
Because the MRHA phenotype requires at least 5,700 nucle-
otides for expression, it was unlikely that the entire afa-3 gene
cluster had inserted into the sacB gene. After two antibiotic-
free subcultures of the clone, a kanamycin-susceptible deriva-
tive was isolated. This derivative, designated AL853, was found
to be plasmid free and still retained the MRHA properties,
thus suggesting a chromosomal location of the afa-3 gene
cluster. To further investigate this hypothesis, Southern hybrid-
ization experiments with the PstI- or Sphl-restricted whole
DNA extracted from E. coli HB101 or E. coli AL853 were
performed with various probes (pILL570, ISI, and probes
designated A to E [Fig. 1B]). No hybridization was detected
with the pILL570 probe or with the A and E probes, both
corresponding to DNA sequences that flanked the two direct
IS elements in pILL1101 (data not shown). However, the
complete sequence framed by these two ISI elements was

recovered in the AL853 total digest and not in that of HB101
(Fig. 6). These results indicated that acquisition of the MRHA
phenotype was the result of the integration of the fragment of
the insert of pILL1101, corresponding to the DNA sequence
flanked by the two ISI elements. Conclusive evidence that
translocation had occurred within the chromosome of the
HB101 strain came from the observation that concomitant loss
of the spectinomycin resistance of the original plasmid
(pILL1101) and that of pUCDS800 derivative was associated
with the disappearance of an HB101 Sphl fragment (4.2 kb in
size) harboring an IS/ sequence and the appearance of two
new chromosomal IS/ hybridizing fragments (both 4.5 kb)
(Fig. 6). These latter fragments were absent from pILL1101
and therefore must have corresponded to the junction frag-
ments between the afa-3 gene cluster and the HB101 chromo-
some, replacing the 5.1- and 2.9-kb Sphl fragments of
pILL1101. Therefore, the translocation of the afa-3 gene
cluster from the pILL1101 replicon to the chromosome re-
sulted from the translocation of a fragment flanked by two IS
sequences within a chromosomal fragment that contained an
IS1 sequence. This suggests that the translocation, although rec
independent, was mediated by a site-specific ISI-dependent
recombination event.

DISCUSSION

AFA expression encoded by the afa gene clusters represents
one of the potential virulence factors of E. coli strains associ-
ated with intestinal or urinary tract infections. Whereas the
function of the genes involved in the biogenesis of E. coli
fimbrial adhesins has been extensively studied, little was known
concerning the genes involved in the function of the afimbrial
adhesins. We report here on the determination of the nucle-
otide sequence of the pILL61 insert that contains the plasmid-
borne afa-3 gene cluster cloned from E. coli A30. This is the
first instance in which the entire nucleotide sequence of an
afimbrial-adhesin-encoding system has been reported.
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The information deduced from the sequence analysis has
shown that the biogenesis of an E. coli afimbrial adhesive
structure, like that of a fimbrial one (18), requires proteins with
specialized functions such as a periplasmic chaperone (AfaB
protein) and an outer membrane anchor protein (AfaC). The
AfaB and AfaC proteins were found to be more closely related
to the cafIM and caflA gene products, which are required for
the formation of the Y. pestis capsule (22), than to the
homologous gene products of the pap and sfa gene clusters
encoding the P and S fimbriae, respectively. These observa-
tions suggested that the biogenesis of bacterial capsule, non-
fimbrial adhesin, or fimbrial adhesins involved the export of
subunits that have to be stabilized in the periplasm and
exported to the cell surface via similar pathways.

High degrees of similarity were found between the nucle-
otide sequence of the afa-3 gene cluster and the partial
nucleotide sequence of the nonfimbrial NFA-I-encoding
operon recently reported by Ahrens et al. (1). Whereas the
structural gene encoding the NFA-I adhesin had no homology
with any of the genes encoding the AFA-I (27), AFA-II
(unpublished data), and AFA-III (30) adhesins (nor was the
NFA-I related to the AFAs at the peptide level), the AfaB
chaperone exhibited 95.9% identity with the homologous NfaE
protein. Moreover the noncoding sequence located upstream
of the adhesin-encoding genes (afaE and nfad) displayed
strong similarities (79.5% identity on 138 nucleotides) (data
not shown). Such conservation at the DNA level suggests that
both the nfa and afa determinants are closely related. Further
investigations should allow one to conclude whether they
belong to the same phylogenetic family of nonfimbrial ad-
hesins.

We and others previously reported that the different afa
operons, the daa gene cluster encoding the F1845 fimbrial
adhesin (8), and the dra operon encoding the fimbrial Dr
hemagglutinin were closely related (30, 35). Although the
entire nucleotide sequences of the daa and dra operons have
not yet been reported, comparison of the published partial
sequences with that of the afa-3 operon seems to confirm this
statement. Yet why the F1845 adhesin and Dr hemagglutinin
polymerize to form fimbriae while the AFA adhesins do not is
not understood. The afad4 and afaF genes were found to
encode products highly similar to the DaaA and DaaF pro-
teins, which have been shown to regulate, at the transcriptional
level, the expression of the F1845 fimbrial adhesin (7). These
gene products belong to a family of transcriptional regulators
commonly involved in the regulation of E. coli fimbrial adhesin
expression (33). Not only were the two regulatory proteins
highly similar to the Daa ones, but the 1,365-bp afaF and afad
intergenic region was found to be 96.2% identical to the
daaF-daaA intergenic region. The binding sites for the cyclic
AMP-cyclic AMP receptor protein, integration host factor, and
Lrp transcription regulatory factors pointed out by Bilge et al.
(7) were also detected in the afaF-afaA intragenic region of
pILL61, suggesting similar transcriptional regulatory mecha-
nisms for the expression of the afa operon. Similarly, the
flanking sequences of the afaE gene encoding the adhesin
subunit share similarity with those of the daaE gene. These
flanking sequences display extensive homology upstream of the
adhesin genes and include the presence of a stem-loop struc-
ture (data not shown), located 50 bp downstream of both afaE
and daaE, that has been shown by Bilge et al. (6) to be essential
to the stability of the processed daaE mRNA. Therefore, given
such similarities between the two daa and afa-3 operons, why
was one associated with a fimbrial adhesin (daa) and the other
associated with a nonfimbrial adhesin (afa-3)? We previously
hypothesized that this could be the result of a variation in the
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rates of expression of the adhesin genes or in the expression of
a product encoded by accessory genes (30). To date, the only
identified differences between the three operons mapped to a
region that includes the identified afaD gene and the 753-bp
afaD-afaE intergenic region. In the daa gene cluster (8) as well
as the dra operon encoding the Dr adhesin (35), the afaD
equivalent loci were shown to encode peptides not essential for
the expression of adhesion properties, a situation that was
similar to that found in afa-3 (30). Because of the absence of
homology with any known proteins, sequence determination of
the afaD gene, as reported in this paper, did not allow us to
propose a putative function for the AfaD product. The prep-
aration of specific polyclonal antibodies raised against purified
AfaD and AfaE polypeptides, as well as the construction of
chimeric operons between the daa and the afa-3 operons,
should soon allow us to elucidate this controversial observa-
tion.

Two main features were revealed by the nucleotide deter-
mination of the sequences bordering the adhesin-encoding
operon. First, the afa-3 operon has been shown to be linked to
a region encoding a protein (RepA) required for the initiation
of replication of various bacterial plasmids and another protein
(Int) belonging to the lambda integrase family of site-specific
recombinases. Such a situation has also been reported for the
90-kb virulence plasmid of Salmonella typhimurium (14), in
which the fimbrial biosynthetic genes (pef genes) were shown
to be located immediately downstream of a 1-kb region
encoding the RepA protein and the integrase-like D protein of
the mini-F replicon. Topological linkage of independent gene
blocks might reflect the involvement of common ancestral
recombinational events that led to the formation of several
enterobacterial large virulence plasmids.

The second major feature is that the afa-3 gene clusters from
both the uropathogenic A30 and the enteroadherent AL845
isolates were framed by three ISI sequences in such a position
that the AFA-III-encoding determinants were flanked by two
ISI elements in direct orientation and two in opposite orien-
tations. Such an arrangement of the afa operon was restricted
to the plasmid-borne afa-3 gene cluster, because no ISI was
identified in the vicinity of the chromosomal afa-1 operon. The
absence of direct repeated short duplications (9 bp) (20) on
both sides of individual or paired IS elements demonstrated
that the acquisition of the afa-3 gene cluster was not the result
of a recent transposition event mediated by the flanking IS
insertion sequences. Rather, this appeared to be the result of
replicon fusions or DNA translocation mediated by reciprocal
or site-specific recombination events, as has been commonly
seen in the building of natural plasmids encoding multiple drug
resistances (11). We further demonstrated, by the use of a
strong positive selection, that the element composed of the
afa-3 gene cluster flanked by two ISI elements in direct
orientation was indeed a mobile element capable of transloca-
tion from the recombinant plasmid pILL1101 into the chro-
mosome of HB101. The insertion of the afa-3 gene cluster into
the chromosomal DNA was probably the result of a recombi-
national site-specific event occurring between the two IS
elements flanking the afa-3 gene cluster and one of the IS]
copies present in the chromosome. This movement could be
recA independent because it took place in HB101, a strain that
is reported to be deficient in its reciprocal recombination
functions. Whereas such a situation has already been reported
for drug resistance genes (20) and for genes encoding toxins
(39), this is the first evidence that a pathogenic determinant
responsible for adhesion properties is capable of translocation
from one replicon to another. This allows us to speculate on
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the possible dissemination of such a determinant among
gram-negative bacteria.

In conclusion, our results indicate that the biogenesis of the

afimbrial adhesive structure encoded by the afa gene clusters
follows the same routes as that of the well-known E. coli P
fimbria formation. Nucleotide sequence determination of the
afa genes should allow us to initiate experiments designed to
determine the conformation of the afimbrial adhesive structure
and its mechanism of interaction with epithelial cells.
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