
INFECrION AND IMMUNITY, June 1993, p. 2505-2512
0019-9567/93/062505-08$02.00/0
Copyright X 1993, American Society for Microbiology

Genetic Analysis of the Gene Cluster Encoding Nonfimbrial
Adhesin I from an Escherichia coli Uropathogen

RALPH AHRENS,' MANFRED OTIT,2 ANGELIKA RI'1TER,2 HEINZ HOSCHUTZKY,1 THOMAS BUHLER,1
FRIEDRICH LOTTSPEICH,3 GRAHAM J. BOULNOIS,4 KLAUS JANN,1 AND JORG HACKER2*

Max-Planck Institut fuir Immunbiologie, D-W-7800 Freiburg, 1 Lehrstuhl fiir Mikrobiologie der Universitat Wurzburg,
Rontgenring 11, D-W-8700 Wuzburg2 and Max-Planck Institut fiir Biochemie, Munich,3 Germany,
and Department ofMicrobiology, University of Leicester, Leicester LEJ 9HN, United Kingdom4

Received 29 December 1992/Accepted 16 March 1993

The chromosomally encoded nonfimbrial adhesin I (NFA-I) from Escherichia coli urinary tract isolate 827
(083:K1:H4) mediates agglutination of human erythrocytes. Subclones were constructed from an NFA-I-
expressing recombinant E. coli K-12 clone, derived from a genomic library ofE. coli 827. Minicell analysis and
nucleotide sequencing revealed that proteins of 30.5, 9, 80, 15, and 19 kDa encoded on a stretch of
approximately 6 kb are involved in the expression of NFA-I. NFA-I exhibits a polymeric structure, which
disintegrates with elevated temperature into a 19-kDa monomer but with some relatively stable dimers. By
using gold-conjugated monoclonal antibodies directed against NFA-I in electron microscopy, the adhesin could
be localized on the outer surface of the recombinant E. coli K-12 bacteria. The nucleotide sequence of the nfaA
gene encoding the monomeric structural subunit of the adhesin was determined. An open reading frame of 184
amino acids encoding the NfaA precursor, which is processed to the mature protein, was found; it consisted of
156 amino acids with a calculated molecular weight of 16,000. Peptide sequencing of the NFA-I subunit protein
confirmed that this open reading frame corresponds to the NfaA coding locus. Furthermore, the nucleotide
sequence of the open reading frame termed NfaE, located at the proximal part of the DNA stretch responsible
for NFA-I expression, was elaborated. NfaE consists of 247 amino acids, including a presumptive 29-amino-
acid signal peptide, leading to a molecular weight of 24,000 for the mature protein. The nfaE sequence shares
homology with the 27-kDa CS3 protein, which is involved in the assembly of CS3 fibrillae, and might encode
the 30.5-kDa protein, detected in minicells.

Escherichia coli isolates may be the causative agents of
urinary tract infections and cases of sepsis and newborn
meningitis (23). Adherence of bacteria to eukaryotic cells
contributes to the pathogenicity of these bacteria (29). The
binding to the eukaryotic cell surface is often mediated by
fimbrial adhesins, rodlike structures, which can be easily
detected by electron microscopy (11). Adhesion properties
can be tested by hemagglutination of strains, using various
types of erythrocytes. In addition to fimbriated strains, E.
coli isolates which expressed non- or A-fimbrial adhesins
were described (5, 15). These adhesins were also able to
confer hemagglutination but were devoid of any fimbrial
structures (9, 10).

In the last years, various non- or A-fimbrial adhesins have
been characterized (9, 12, 16, 17, 24). It has become evident
that the nonfimbrial specific adhesion is mediated by single
proteins located on the bacterial surface. To gain insight into
the genetic basis of non- or A-fimbrial adhesins, the deter-
minants coding for some of these adhesins have been cloned
(12, 17, 24). Cosmid clones derived from a genomic library of
E. coli 827 (083:K1:H4) which were able to express nonfim-
brial adhesin I (NFA-I) were isolated by Hales et al. (12). In
this study, we have further characterized the gene cluster
coding for NFA-I by subcloning and analyzing the gene
products. In addition, the nucleotide sequences of the struc-
tural gene nfaA and another gene, termed nfaE, were deter-
mined.

* Corresponding author.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli 827 (083:K1:H4)
was isolated from urine and blood of an elderly patient (9).
Cosmids pGB3002 and pGB3004 were described recently
(12). A 15.5-kb BamHI-EcoRI fragment derived from
pGB3002 was cloned into pBR328, resulting in plasmid
pGB3003 (12). After TnlOOO (-yb) mutagenesis of this plas-
mid, a 10-kb EcoRI fragment of a yb insertion mutant was
further subcloned into pUC19, leading to plasmid pPS3,
which contained parts of the -yb element. Plasmid pPS3 then
was used to generate various subclones, depicted in Fig. 1.
As recipients, E. coli K-12 CC118 and JM109 were used.
Fragments were inserted into the cloning vector pUC18 or
pUC19 (35).
Media and reagents. Bacterial strains were grown on

Luria-Bertani (LB) agar plates or in liquid LB medium, as
described before (12). For maintenance of plasmids, 50 p,g of
ampicillin per ml of medium was added. For detection of the
Lac phenotype, LB medium was supplemented with IPTG
(isopropylthiogalactoside; 0.05 mM) and X-Gal (5-bromo-4-
chloro-3-indolyl-galactoside; 0.01%). Restriction enzymes,
T4 ligase, and Klenow enzyme were purchased from Boehr-
inger, Mannheim, Germany. Antibiotics were from Bayer,
Leverkusen, Germany. Reagents for growth media were
obtained from Oxoid, Wesel, Germany. All other chemicals
were obtained from Sigma, Munich, Germany. Radiochem-
icals were purchased from NEN, Dreieich, Germany.
Recombinant DNA techniques. Plasmid DNA was isolated

by the method of Birnboim and Doly (2). DNA was cleaved
with restriction enzymes in accordance with the manufac-
turer's instructions and separated on 1% agarose gels, as
described by Sambrook et al. (26). Isolation of DNA frag-
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FIG. 1. Physical maps of plasmids pGB3002, pGB3004, and pPS3 and derived subclones. Coordinates are given at the top. Plasmids are
given on the left. On the right side hemagglutination activity (HA) with human erythrocytes is indicated. Restriction sites: Sp, SphI; Sc, Sacl;
Sa, Sall; K, KpnI; H, HincII; E, EcoRI; B, BamHI.

ments from agarose gels was performed by the freeze-
squeeze method of Thuring et al. (31). Ligation of DNA
fragments was carried out as described previously (26).
Competent cells for DNA transformation were prepared by
the CaCl2 method (19).

Southern hybridization. DNA fragments separated by aga-
rose gel electrophoresis were transferred to nitrocellulose
paper as described previously (26). Synthetic oligonucleo-
tides were prepared as described by Becauge and Caruthers
(la) and labelled by T4 polynucleotide kinase reaction (26),
using [y-32P]ATP. The sequence of the oligonucleotide DNA
probe was deduced from the N-terminal amino acid se-
quence of the NFA-I structural subunit and reads as follows:
5'-AACGTAAACGCTGGCGATGG-3'.
DNA sequencing. DNA sequencing was performed by the

dideoxy chain termination method of Sanger et al. (27), using
[a-32P]dATP. Double-stranded DNA of recombinant pUC
plasmids was used for sequencing. The primers were syn-
thetic oligodeoxyribonucleotides, prepared by an automated
phosphoramidite coupling method (la). Sequencing was
carried out with a T7 sequencing kit (Pharmacia, Freiburg,
Germany), including universal primer (35).
Computer analysis. General compilation and analysis of

DNA sequences were performed with the UWGCG pro-
grams obtained from Devereux (3). The software package of

PC Gene was also used (Intelli-Genetics, Geneva, Switzer-
land [13]).

Minicell analysis and SDS-PAGE. For analysis of plasmid-
encoded proteins, the recombinant nfaI-specific DNAs were
transformed in E. coli DS410 (4). Proteins were labelled with
35S-methionine (21). Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed by the
method of Laemmli (18). For prevention of signal peptide
processing, 9% ethanol was added to the assay medium.

Isolation of NFA-I and Western blot analysis. Bacteria
grown on LB agar at 37°C for 24 h were harvested into
phosphate-buffered saline (PBS; pH 7.2). Preparation of
NFA-I from this suspension was carried out as described
recently (12). Western blot (immunoblot) analysis was per-
formed as described by Towbin et al. (32).

Preparation of MAbs. Anti-NFA-I monoclonal antibodies
(MAbs) were prepared by immunization with purified NFA-I
as described before (20). MAb 1C3 was isolated as an
NFA-I-specific MAb.

Peptide sequencing. Isolated NFA-I was subjected to
Staphylococcus aureus (V8) endoprotease digestion (8). The
peptides obtained were separated by SDS-PAGE and elec-
troblotted onto a siliconized glass-fiber sheet (glassy bond;
Biometra, Gottingen, Germany) as described by Eckerskorn
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FIG. 2. Electron micrograph of E. coli JM109 (pAH1010). Im-
munogold labelling was performed with MAb 1C3, detecting NFA-I.
Magnification, x40,000.

et al. (6). The bands were excised and sequenced in an
Applied Biosystems 477 A gas phase sequencer.

Immunoelectron microscopy. Bacteria grown overnight at
37°C on agar were suspended in PBS and transferred to
Formvar-coated copper grids. Labelling with anti-NFA-I
MAbs and protein A-conjugated gold spheres was carried
out as described previously (20). Electron microscopy was
performed with a Phillips EM450 TIST electron microscope.

Hemagglutination assay. For rapid detection of NFA-I
expression, recombinant E. coli clones grown on LB agar at
37°C were removed with a sterile toothpick and mixed with
20 pl of a 10% suspension of fresh human erythrocytes
diluted in PBS. Agglutination was performed on glass slides,
which were incubated on ice to enhance the agglutination
reaction.

RESULTS

Subcloning of the nfaI determinant. Cosmid pBG3002
derived from a gene library of E. coli 827 (12) carries the
DNA region responsible for expression of NFA-I. Subclon-
ing and TnlOOO mutagenesis revealed that the genes neces-
sary for NFA-I production must be located between the SphI
site (coordinate 9.0) and beyond the SalI site (coordinate
13.5; Fig. 1; cf. reference 12). We have constructed sub-
clones starting with plasmid pPS3 consisting of vector
pUC19 and an EcoRI fragment of 10.0 kb (see Materials and
Methods). The recombinant E. coli K-12 clones were tested
for hemagglutination of human erythrocytes, indicating the
expression of NFA-I. Of the constructed plasmids (Fig. 1),
only pPS3 and pAH1010 are able to confer strong hemagglu-
tination to the E. coli K-12 host strain. Plasmid pAH1004
confers only weak hemagglutination activity. Thus, expres-
sion of NFA-I seems to be mediated by a stretch of approx-
imately 6 to 8 kb, located between the SacI site (coordinate
7.0) and the EcoRI site at coordinate 15.0.

Characterization of clone JM109 (pAH1010). With the
anti-NFA-I MAb 1C3 in immunoelectron microscopic anal-
ysis (Fig. 2), NFA-I could be detected on the surface of the

FIG. 3. SDS-PAGE of isolated NFA-I from recombinant E. coli
JM109 (pAH1010). The preparation was suspended in Laemmli
buffer and applied untreated (lane 1) and after treatment for 10 min
at either 85°C (lane 2) or 100°C (lane 3). Molecular size standards are
separated in lane M. Protein sizes are indicated.

recombinant E. coli K-12 strain JM109 (pAH1010). Further-
more, NFA-I was isolated from the recombinant clone. The
preparation was applied to SDS-PAGE (Fig. 3) both un-
treated (lane 1) and after treatment for 10 min at either 85°C
(lane 2) or 100°C (lane 3). It can be seen that the high-
molecular-weight NFA-I polymer disintegrates with ele-
vated temperature to the 19-kDa monomer, which forms the
structural subunit of NFA-I. Interestingly, a relatively stable
NFA-I dimer could be observed; this was confirmed by
peptide sequencing of the respective protein band (Fig. 3,
lane 3; see below).

Genetic organization of the nfaI determinant. To analyze
the gene products of the nfaI determinant, plasmids
pAH1010 and pAH1013 (Fig. 1) were transformed into E.
coli DS410. In Fig. 4 the minicell products of the recombi-
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FIG. 4. Minicell analysis of DS410 carrying plasmid pUC18
without (lane 1) and with (lane 2) ethanol, plasmid pAH1010 without
(lane 3) and with (lane 4) ethanol, and plasmid pAH1013 without
ethanol (lane 5). Protein sizes are indicated. Prominent vector-
specific proteins are indicated as pL (pre-lactamase), L (lactamase),
and V (vector).
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FIG. 5. Agarose gel electrophoresis (a) and Southern blot hy-
bridization patterns (b) of DNA isolated from clone JM109
(pAIH1010), cleaved with KpnI-SphI (lane 1), SalI (lane 2), SacI-
EcoRI (lane 3), SphI (lane 4), and KpnI (lane 5). Phage SPP1 DNA
cleaved with EcoRI was used as the DNA standard (lane St). The
DNAs were hybridized to a radioactively labeled oligonucleotide
probe specific for gene nfaA (see Materials and Methods). An
interpretation scheme of the results is given in part c. For abbrevi-
ations of restriction enzymes, see the legend to Fig. 1. The black
boxes represent the fragments which hybridized to the oligonucle-
otide probe. The hatched boxes also indicate the vector. The region
between the SacI and SalI sites (last row, black box) defines the
region where the nfaA gene is located.

nant plasmids are shown. The insert DNA of plasmid
pAH1010 mediates the expression of proteins of 80, 33, 30.5,
21, 19, 15, and 9 kDa in size (lane 3), whereas in strain DS410
(pAH1013) a single insert-specific protein of 15 kDa was
detected (lane 5). Minicell analysis with plasmid pAH1010 in
assay medium containing ethanol to prevent signal peptide
processing revealed only one insert-specific protein of 21
kDa in size (lane 4), which seems to represent the precursor
of the NFA-I subunit protein (see below).
To determine the location of the gene encoding the 19-kDa

NFA-I subunit, oligonucleotides generated according to the
N-terminal amino acid sequence of the NFA-I structural
protein (see Materials and Methods) were used in Southern
hybridizations with cleaved DNA of plasmid pAH1010. As
shown in Fig. 5, DNA fragments making up the distal part of

the insert DNA of pAH1010 gave positive hybridization. By
comparing the hybridization patterns of pAH1010 cleaved
with different restriction enzymes or combinations of restric-
tion enzymes, we concluded that the NFA-I structural gene
is located at the distal end of the insert DNA of pAH1010
between map positions 13 and 15 in Fig. 1. From minicell
analysis with plasmid pAH1013, it can be concluded that the
gene encoding the 15-kDa protein should be located near the
subunit-specific gene.
Sequence analysis of the region at the KpnI site (coordi-

nates 11.0 to 11.5; Fig. 1) revealed part of an open reading
frame (ORF) sharing extended homology to proteins SfaF,
PapC, and FanD, which represent the large anchor proteins
(70 to 90 kDa) of the determinants encoding S-fimbrial
adhesins, Pap fimbriae, and K99 fimbriae (22, 25, 28),
respectively (data not shown). From these data it is con-
cluded that the 80-kDa protein found in minicell analysis is
located next to the 15-kDa protein, described above. The
nucleotide sequence coding for the two proteins of 30.5 and
9 kDa in size would fit into the remaining space extending to
the SphI sites (coordinate 9). DNA sequence analysis of the
region at coordinates 9 to 10.5 revealed an ORF of 247 amino
acids, with a calculated molecular weight of approximately
27,000 (see below). After cleavage of a putative signal
peptide, a protein of 24 kDa would be generated. It is
suggested that this ORF corresponds to the 30.5-kDa protein
detected in minicells, even though there are discrepancies in
the exact molecular weight. Thus, we conclude that the
genes encoding the proteins involved in NFA-I expression
are located in the following order: 30.5, 9, 80, 15, and 19
kDa, which we termed NfaE, -D, -C, -B, and -A, respec-
tively (Fig. 6).

Nucleotide sequence of the structural NFA-I subunit gene
nfaA. The region between map positions 13.0 and 15.0 kb
(Fig. 1 and 6) was sequenced and analyzed for the presence
of an ORF encoding the NFA-I subunit protein. One ORF
was found in this region. The nucleotide sequence and the
deduced amino acids are given in Fig. 7. The precursor
protein starts at an -ATG- codon at positions 139 to 141, and
the gene ends at a stop codon at positions 691 to 693. Thus,
nfaA is presumed to encode a protein of 184 amino acids.

Protein sequencing of NfaA. The 21 N-terminal amino acids
of the mature NFA-I subunit protein (15) are identical to
amino acids 29 to 50 deduced from the nucleotide sequence
of nfaA, suggesting cleavage of a 28-amino-acid signal pep-
tide. To confirm that the ORF of nfaA and the NFA-I
structural protein are identical, peptides were generated
following cleavage of NfaA with V8 endopeptidase. The
amino acids at positions 52 and 53 as well as those at
positions 74 and 75 were used as cleavage sites. N-terminal
sequencing of the peptides showed amino acid sequences
which are in full agreement with the amino acid sequence
calculated on the basis of the nucleotide sequence (Fig. 7). It
is therefore concluded that nfaA encodes the NFA-I subunit
protein NfaA. As mentioned above, the polymeric NFA-I
disintegrates into monomers upon heat treatment. Aside
from the 19-kDa monomers, a protein band of 30 kDa is
detected in preparations even after treatment at 100°C (Fig.
3). The N-terminal amino acids of this protein were se-
quenced. The sequence corresponds exactly to the N-termi-
nal amino acid sequence elaborated for the 19-kDa NFA-I
monomer (data not shown; cf. Fig. 7). Thus, this 30-kDa
protein is thought to be a dimer of the 19-kDa NFA-I
monomer.

Nucleotide sequence of the nfaE gene. As mentioned above,
analysis of the nucleotide sequences between map positions
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FIG. 6. Genetic organization of the nfaI gene cluster. The positions of the nfaI-specific genes (nfaA to nafE) are shown, and the respective
molecular weights of the proteins are given. The strategy of sequencing is depicted below. For map positions and abbreviations of restriction
enzymes, see the legend to Fig. 1.

TCAGAACTTACTTATATGCAATGAACAGTCTCTGCTGCGGGTACAGACATCTGTGAACGG 60

TGGTTAATGTGGGGTAATAGACAGCTTACTGATTCTGGGATGGA"AAr-AGAACA T 120

-28
GGCTTGTCCAT GGCAAAAAAATATGAAAATCAAATATACAATGAAAAT 180

SD MetLysAlaLysLysTyrGluAanGlnIleTyrAsnGluAJn

-14 +i,
GGCCGCCGTTGCCAGCGTCATGGTCGCCGGCTAGCTATCGCGGATGCAAATGGGCTCAAC 240
GlyArgArgCysGlnArgHiaGlyArgArgLeuAlaIleAlaAaralaAAnGlvLeuA-n

ACTGTGAACGCCGGGGATGGCAAGAATCTGGGCACCGCAACCGCGACGATCACCACTCTG 300
ThrValAsnAlaGlyAspGlyLysAsnLeuGlyThrAlaThrAla1eIeThrThrLeu

SalI . . .
CAGAGCTGCTCTGTCGA TGAATCTCGTTACCCCGAACGCGACAGT( 360
GlnSerCysSerValAspLeuAsnLeuValThrProAsnAlaThrValAanArgAlaGly

ATGCTAGCAAACCGCGAAATCACTAAATTTTCGGTGGGGAGTAAGGATTGCCCTAGCGAC 420
MetLeuAlaAsnArgGluIleThrLvyPheSerValGlySerLysAapCysProSerAsp

ACCTATGCTGTATGGTTTAAAGAGATCGATGGCGAAGGACAGGGGGTCGCGCAGGGCACT 480
ThrTyrAlaValTrpPheLysGluIleAapGlyGluGlyGlnGlvVaLklaGlnGlyThr

ACGGTGACCAACAAGTTTTACCTTAAAATGACATCGGCCGACGGGACCGCGAGCGTAGGG 540
ThrValThrAsnLysPheTvrLeuLyaMetThrSerAlaAapGlyThrAlaSerValGly

HincIl
GACATCAACATAGGAACCAAATCAGGCAAAGGCCTGAGTGGTCA&CTGGTAGGGGGAAAA 600
AspIleAsnIleGlyThrLysSerGlyLysGlyLeuSerGlyGlnLeuValGlyGlyLys

TTCGACGGAAAAATAACGGTGGCATATGACTCGGCCACCGCCCCCGCCGACGTTTATACA 660
PheAspGlyLysIleThrValAlaTyrAspSerAlaThrAlaProAlaAapValTyrThr

TACGATCTCATGGCCGCCGTGTACGTCCAATAATGCTTACCCACATAACTAACACTGACC 720
TyrAspLeuMetAlaAlaValTyrValAsn***

GCCGCCCGCCGGTTTGCTTTCCTCGCGGGAATCGACCTCGTG 762
FIG. 7. Nucleotide sequence of the nfaA gene encoding the NFA-I structural subunit protein. The amino acid sequence is given

underneath. The cleavage site for the signal peptidase is marked by an arrow. The start codon -ATG- of the precursor (amino acid position,
-28) is boxed. The 21 sequenced amino acids of the N terminus of the mature NfaA protein and the N-terminal sequences of the V8-generated
peptides are underlined. Restriction enzyme recognition sites for SalI and HinclI are shown in the nucleotide sequence. The ribosome-binding
site (Shine-Dalgarno [SD]) is indicated.
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AGAGGATC C'r''- __ AAAbtAAC''GTGTATCTGTC

OD -29
TGTTcC GaG&oAGTATGAAAATGCGGGCTGTGGCTGTGTTCACCGGCATGCTGACGGGA

NetLysNetArgAlaValAlaValPheThrGlyMetLeuThrGly
-1 5+1

GTGTTATCAGTGACAGGTTTGCTGTCAGCGGGGGCATATGCCGCCGGGGGAGAAGGGAAT
ValLouserValThrGlyLeuLeuSerAlaGlyAlaTyrAlaAlaGlyGlyGluGlyAsn
ATGTCTGCATCCGCGACGGAGACAAACGCCAGAGTATTCTCGCTGCATCTGGGGGCCACC
MetSerAlaSerAlaThrGluThrAsnAlaArgValPheSerLeuHisLeuGlyAlaThr
CGGGTGGTGTACAACCCGGCCTCGTCGGGGGAGACGCTGACTGTGATTAATGACCAGGAC
ArgValValTyrAsnProAlaSerSerGlyGluThrLeuThrValIleAnsAspGlnAsp
TATCCGATGCTGGTGCAGTCGGAGGTGCTGAGTGAGGACCAGAAGAGTCCGGCGCCTTTT
TyrProKetLeuValGlnSerGluValLeuSerGluAspGlnLysSerProAlaProPhe

120

Igo

240

300

360

TGGTGGACACCACCGTTGTTCCGTCGTGATGGTCAGCAGTCGAGTCGTCGTCGTAGTGTC 420
ValValThrProProL.uPheArgLeuAspGlyGlnGlnSerSerArgLeuArgIleVal
AGTAcGGGCGGGGAGTTTCCGTCAGACCGTGAGAGTCGGCAGTGGATTTGCGTGAAAGGC 480
ArgThrGlyGlyGluPheProSerAspArgGluSerLeuGlnTrpIleCysValLysGly

ATTCsCGCGAAGGAGGATGACAGGTGGGCGGAGAGAGG GAAGCTGAC
IleProProLysGluAspAspArgTrpAlaGluGlyLysAspGlyGluLysLysAlaAsp

AAAGTCTCCCTGAATGTACAGCTTTCAGTGAGCAGCTGCATCAAGCTGTTTGTTCGTCCG
Ly.ValSerLeuAsnValGlnLJuSerValSerSerCysIleLysLeuPheValArgPro
CCGGCGGTGAAGGGGCGACCGGATGATGTGGCCGGCAAGGTGGAGTGGCAGAGGGCCGGC
ProAlaValLysGlyArgProAspAspValAlaGlyLysValGluTrpGlnArgAlaGly
AACAGGCTGAAGGGGGTTAACCCGACGCCGTTTTACATCAACCTGTCCACGCTGACGGTG
AanArgLeuLysGlyValAsnProThrProPheTyrIleAsnLeuSerThrLeuThrVal
GGGCGThMGAAGGA AACGACGYGAATATATT GCGCCGTTTTC CTCCCGTGAATATCCG

540

600

660

720

760
GlyGlyLysGluValLysGluArgGluTyrIleAlaProPheSerSerArgGluTyrPro
CTGCCTGCGGGGCATCGGGTAAGGTTCAGTGGAAGGTGATAACGGATTACGGCGGGACCA 640
LeuProAlaGlyHisArgValArgPheSerGlyArg***

FIG. 8. Nucleotide sequence of the nfaE gene. The deduced amino acid sequence is given underneath. The presumptive cleavage site for
the signal peptidase is marked by an arrow. The ribosome-binding site (Shine-Dalgarno [SD]) is indicated.

9 and 10.5 (Fig. 1) revealed an ORF of 247 amino acids with
a putative signal sequence of 29 amino acids (Fig. 8). The
ORF starts at positions 76 to 78 with -ATG- and ends at
positions 817 to 819 with -TGA-. The calculated molecular
weight of the precursor protein is 27,000 and that of the
mature protein is 24,000. Cleavage by the signal peptidase (7)
might occur between Ala and Ala at positions 162 to 163
(arrow). Upstream of the ORF a ribosome-binding site
(Shine-Dalgarno) sequence is found. The 30.5-kDa protein
found in minicells might be referred to this ORF (see above).
Computer analysis revealed a similarity of 60% between this
ORF and the 27-kDa protein involved in the assembly of CS3
fibrillae (Fig. 9) (14).

DISCUSSION

NFA-I which mediates agglutination of human erythro-
cytes is produced by uropathogenic E. coli strains (9). It is
suggested that NFA-I expression contributes to the viru-
lence of strains because it may facilitate their colonization on
host cells during urinary tract infections. Recent data (10)
furthermore indicated binding of E. coli to polymorphonu-
clear leukocytes via NFA-I, a process which also may be
relevant to pathogenicity.
We have analyzed the genetic structure of the nfaI deter-

minant and have identified and sequenced the subunit-
specific gene nfaA. The 19-kDa NFA-I subunit NfaA seems

to be a unique protein because its deduced amino acid
sequence is unrelated to sequences of other nonfimbrial

adhesins such as the A-fimbrial adhesin I adhesin (AfaE) and
the blood group M agglutinin (BmaE) or to the sequences of
the Dr fimbrial agglutinin (DraA) and the F1845 fimbrial
adhesin (DaaE [17, 24, 30]).

It has been shown recently (15) that the mature NFA-I
subunit protein starts with amino acids Asp-Ala-Asn. The

NfaZ: LTGVLSVTGLLSAGAYAAGGEGNMSASATETNARVFSLHLGATRVVYNPA
*1 * * * 11 ** *1* 111111*1*

C83 : MTPIKLIFAALSLFPC..... SNIYANNITTQK .. FEAILGATRVIYHLD

63 SSGETLTVINDQDYPMLVQSEVLSEDQKSPAPFVVTPPLFRLDGQQSSRL
* 11 1 1*1*11 1* 1* I*IIIIIIIII* *

44 GNGESLRVKNPQISPILIQSKVMDEGSKDNADFIVTPPLFRLDAKRETDI

113 RIVRTGGEFPSDRESLQWICVKGIPPKEDDRWAEGKDGEKKADKVSLNVQ
III 1 *1 11111 *11*11111**I II* * 1***

94 RIVMVNGLYPKDRESLKTLCVRGIPPKQGDLWANNEK..... EFVGMKLN

163 LSVSSCIKLFVRPPAVKGRPDDVAGKVEWQRAGNRLXGVNPTPFYINLST
*1* 1111**11 * * *11 * * 11*1* *

139 VSINTCIKLILRPHNLPKLDINSEGQIEWGIRDGNLVAKNKTPYYFTIVN

213 LTVGGKEVKEREYIAPFSSREYPLPAGHRVRFSG
11 *1 ***I* * I 11 ** 11

189 ASFNGKALKTPGTLGPYEQKLYTLPS..KISVSG

FIG. 9. Comparison of the NfaE ORF and the 27-kDa CS3
protein involved in the assembly of CS3 fibrillae (14). Lines indicate
identical amino acids; asterisks indicate functionally similar amino
acids. The overall similarity was calculated to be 60%.

INFECT. IMMUN.



nfaI DETERMINANT OF E. COLI 2511

das

dra

bma

afa

S ItC P PP H
B p p p

dmA dm dmC dmD doE
10 1 27 1 95 15.59

H K P p H

draE driD draC drdB drA
32 1 | 90 18 |

E B SS E

bmsA bmB bmnC bmgD bmE

1231 30 82 18.5 m

H s BH S

1ssA ddaB iasC afaD efsE
13 130 100 I18.5 m

IC S E

nfaE nfaD nfaC nfaB nfaA
nfa 130.51 X1 L 80 .i__ _ wT5h

FIG. 10. Comparison of physical maps and the gene products of the F1845 gene cluster (daa), Dr agglutinin gene cluster (dra), blood group
M gene cluster (bma), A fimbrial adhesin I gene cluster (afa), and NFA-I gene cluster (nfaI). The boxes represent the gene products, the
numbers (103) indicate the molecular weights of the proteins, and the hatched boxes represent adhesin proteins. The main direction of
transcription is from left to right. Data are from references 17, 24, and 30 and from this study. Restriction enzymes: B, BamHI; K, KpnI; P,
PstI; H, HindIII; E, EcoRI; S, SalI.

NfaA amino acid sequence based on the nucleic acid se-
quence of the corresponding gene is in full agreement with
the analyzed N terminus of the protein. From these data it
can be concluded that a relatively hydrophilic 28-amino-acid
signal peptide is cleaved from the NfaA precursor protein,
leading to the mature protein consisting of 156 amino acids.
Cleavage occurs between Ala and Asp residues that is not
typical for the E. coli signal peptidase (Fig. 7). The molecular
weight of the mature protein calculated by the amino acid
sequence is 16,000, differing from the size of 19 kDa esti-
mated by SDS-PAGE.
The NfaA protein contains two cysteine residues, which

may form a disulfide bridge. The positions of the two
cysteine residues in NfaA (Cys-29 and Cys-63) are nearly the
same as the position of cysteine residues, which are found in
the fimbrillins FsoA and FstA of P fimbriae (33, 34) as well as
in the structural subunit protein AfaE or DraA (17, 30). The
NfaA protein seems to be highly hydrophilic as predicted by
Kyte-Doolittle and Goldman et al. (3, 13). The amino acid
compositions of NfaA, AfaE, BmaE, and DraA and of the
fimbrillins FsoA and FstA surprisingly have a high content of
glycine (around 12 mol%), pointing to a relatively flexible
protein, and the very high content of serine and threonine (16
to 23 mol%) indicates that hydrogen bonds are probably
important in building up high-molecular-weight polymeric
structures. In this respect, it is noteworthy that upon heat
disintegration a certain portion of NFA-I remains as rela-
tively stable dimers. From the primary amino acid sequence
of NfaA monomers the prediction of the secondary struc-
tures revealed 17% a-helices and a high content (35 to 45%)
of 1-sheets. Analyses of AmidI and AmidI' infrared absorp-
tion bands of NFA-I confirm the preponderance (-50%) of
3-sheets (1).
The ORF, termed nfaE, detected at the proximal end of

the nfaI gene cluster exhibits 60% similarity to the 27-kDa
CS3 protein, which might be involved in transport and

assembly of CS3 fibrillae (14). A similar function might be
attributed to the NfaE protein that could correspond to the
30.5-kDa protein found in minicell analysis.

Besides the nfaI determinant, gene clusters coding for
other nonfimbrial adhesins have been cloned and analyzed
recently (16, 17, 24). Also, the Dr fimbrial hemagglutinin,
originally described as a nonfimbrial adhesin (11), and the
closely related F1845 fimbrial adhesin have been cloned and
genetically characterized (30). Despite the fact that the gene
coding for the structural protein of NFA-I does not exhibit
any homology to loci responsible for subunits of the other
adhesins, the gene structures of the corresponding determi-
nants share common features (Fig. 10). In all cases, five
genes are responsible for full expression of the adhesion
phenotype. These genes are located on a stretch of DNA of
approximately 6 to 8 kb. In addition, the genes encoding the
respective adhesin structural proteins are located at the
distal (3') end of the gene clusters.

Interestingly, large proteins like the NfaC gene product
are found in all nonfimbrial adhesins as well as in fimbrial
adhesin complexes. It is shown that such large anchor
proteins are involved in the biogenesis of fimbriae and
fibrillae (22, 25, 28). The occurrence of such proteins in
nonfimbrial adhesins which exhibit homologies to the anchor
proteins of fimbriae (see above) may argue for common
functions of these gene products in both types of attachment
factors.
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