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The aggregative pattern of adherence (AA) exhibited by enteroaggregative Escherichia coli upon HEp-2 cells
is a plasmid-associated property which correlates with aggregative adherence fimbria I (AAF/I) expression and
human erythrocyte hemagglutination. By using cloning and mutagenesis strategies, two noncontiguous plasmid
segments (designated regions 1 and 2) required for AA expression have previously been identified in
enteroaggregative E. coli 17-2. TnphoA mutagenesis was performed on clones containing region 1, and 16
TnphoA mutants which were negative for the AA phenotype were analyzed. The TnphoA insertion site for each
mutant was determined by junctional DNA sequencing. All 16 mutations occurred within a 4.6-kb span in
region 1. Nucleotide sequence analysis of the region revealed four contiguous open reading frames. designated
aggDCBA, in the same span. AA-negative TnphoA insertions into all open reading frames except aggB were
obtained. On the basis of mutational analysis and protein homology data, it is inferred that agg4. aggC. and
aggD are involved in biogenesis of AAF/I, encoding a major fimbrial subunit, outer membrane usher, and
perinlasmic fimbrial chaperone, respectively. By immunogold electron microscopy, polyclonal antiserum raised
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against the agg4 gene product decorated AAF/l fimbriae, affirming that AggA encodes an AAF/I subunit.

Enteroaggregative Escherichia coli (EAggEC) strains have
been incriminated as causative agents of persistent childhood
diarrhea (9, 38). EAggEC strains are defined by their pattern
of mannose-resistant adherence to HEp-2 or HeLa cells.
Bacterial aggregates adhere to epithelial cells in a stacked-
brick-like latuice. so-called aggregative adherence (AA) (30).
The AA phenotype is distinct from the localized adherence
(LA) and the diffuse adherence (DA) patterns of epithelial cell
adherence characteristic of enteropathogenic E. coli (EPEC)
and diffusely adherent E. coli (DAEC). respectively. The LA
pattern is typified by the formation of distinct bacterial micro-
colonies or clusters adherent to HEp-2 cells, while for the DA
pattern single bacteria adhere over the epithelial cell surface in
an evenly dispersed arrangement. EAggEC strains adhere to
human-derived intestinal explants and cultured intestinal mu-
cosa in a patiern ximilar to that seen in the HEp-2 cell
adherence assay (20. 47. 48). suggesting that this adherence
phenotype mayv have relevance in human colonization and
disease.

For several EAggEC strains. including prototype strain 17-2,
the genetic determinants conferring the AA phenotype are
associated with large. ca. 60-MDa plasmids, which show a high
degree of conservation among EAggEC strains (29, 43). In
EAggEC strain 17-2. two noncontiguous regions on its single
large plasmid, termed regions 1 and 2, are required for
expression of the AA phenotype, aggregative adherence fim-
bria I (AAF/I) expression, and mannose-resistant hemaggluti-
nation (31). Region 1 determinants required for the AA
phenotype are contained on a 6.8-kb Cial fragment (32) (see

Fig. 1). A plasmid construct containing this fragment c¢an be
complemented in rrans to express AAF/I fimbriae and the AA

* Corresponding author. Mailing address: Enteric Diseases Pro-
gram, Naval Medical Research Institute Annex, 12,300 Washington
Ave., Rockvilie, MD 20852. Phone: (301) 295-1636. Fax: (301) 295.

6171.

phenotype by a 1.2-kb fragment which encompasses region 2
(32). Mapping data show that regions ] and 2 are separated by
9 kb on the plasmid of strain 17-2 (31), and the structural gene
for a heat-stable enterotoxin is found in the interceding span
(39).
In this paper, we present detailed mutational analysis of the
AAF/1 determinants in region 1 and the corresponding nucle-
otide sequence. The described gene cluster and its deduced
protein products show organizational and structural similari-
ties to other known fimbrial biogenesis systems of pathogenic
gram-negative bacteria.

MATERIALS AND METHODS

Bacterial strains, plasmids. and growth conditions.
EAggEC strain 17-2 (serotype O3:H2) is a Chilean pediatric
diarrheal isolate which harbors a 60-MDa plasmid. p17-2.
encoding AA determinants (431. All of the plasmid construc-
tions used in this study are derived from pl17-2 and are
represented in Fig. 1A. To construct plasmid pSS101, TnA,
encoding ampicillin resistance. was introduced into p17-2 as
previously described (35). E. coli HB1('1 was used as host for
plasmid constructs. 17-2(AaggR) has an in-frame deletion in
the aggR gene and does not express AAF/] (32).

Strains were routinely grown on LB medium (36) at 37°C
and stored at —70°C in LB broth supplemented with 20%
glycerol. Supplements were used in the following concentrations:
streptomycin, 100 pg/mi; ampicillin, 200 ug/mi: kanamycin, 50
ug/ml; tetracycline, 30 pg/ml: and the alkaline phosphatase
chromogenic substrate 5-bromo-4-chloro-3-indolvi-phosphate
(XP) (Sigma), 40 pg/ml.

Recombinant DNA techniques. Plasmid DNA was purified
by the method of Birnboim and Doly (6) or by cesium
chloride-ethidium bromide density gradient centrifugation fol-
lowing alkaline extraction (36). Restriction endonucleases and

other DNA-modifying enzymes were purchasec_i from Boehr-
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FIG. 1. (A) Restriction map of pSS10} showing the region harboring AAF/I regions 1 and 2 (demarcated by brackets). Relevant subclones are
depicted below this map. with their corresponding adherence phenotvpes indicated to the right. The cloning veciors (with the relevant construction
in parentheses) were as follows: pCVD30] (pJPN31). pRK41S (pIPN36). pBR328 (pJPN32). pBluescript/SK1 (pJPN41). and pUCIY (pSS102 and
PSS103). The bracker grouping pIPN36 und pIPNS32 indicates that these clones complement one another in trins 10 express the AA phenotype.
{B) Enlargement of the 6.8-kb Cla} fragment representing region 1 and a physical map of the agg gene cluster. The positions of the individual genes
are indicated by the lettered open boxes. Location of the EAST! enterotoxin gene (ast4) is also shown (39). TnphoA insertion sites into region
1-containing clones which abolish the AA phenotype are marked by lollipops. Triangles indicate insertions into pSS101. squares indicate insertions
into pJPN31. and circles indicate insertions into pJPN36. Solid lolfipops signifv PhoA™ mutations. while open lottipops indicatc PhoA™ mutations.
The nucleatide sequence for the 2.6-kb segment denoted by the thick black linc is presented in Fig. 2. Restriction site< shown are Clal (C). Sphi
(Sp). Dral (D). Kpnl (K. Safl (Sa). Xbal (X). BamH]} (B). Sspl (Ss). Pyl (P). EcoRV (EV). and EcoRl (Eh

inger-Mannheim (Indianapolis. Ind.) and used according to
the manufacturer’s instructions. Conjugations were performed
by the plate cross-sireak method (36). and transformations
were performed by the 1echnique described by Mandel and
Higa (27).

TnphoA mutagenesis and determination of TnphoA inser-
tion sites. TnphoA mutagenesis of the AA-conferring recom-
binant cosmid pJPN31 was previously reported (29). as was the
assignment of these mutations 1o either region 1 or region 2 of
AAF/1 by restriction mapping (31). Additional transposon
mutagenesis was performed separately on HB101(pSS101) and
HB10}pJPN36/pJPN52). both of which express the AA phe-
notvpe (Fig. 1A). Tnpho4 was introduced into these constructs
by using the conjugative suicide vector pRT733 as previously
described (42). For HB101(pSS101), each conjugation mixture
was plated on agar supplemented with streptomycin, kanamy-
cin, and XP. Blue colonies. indicating an in-frame TnphoA
insertion into a gene whose product is transported extracytoplas-
mically such that extracellular alkaline phosphatase (PhoA)

activity is detectable colorimetrically. were pooled from each
conjugation. To eliminate those mutants with chromosomal
insertions, plasmid DNA was prepared from each pool and
used to transform HBI101. Transformants expressing PhoA
activity on agar supplemented with kanamycin. streptomycin.
and XP were studied for adherence capability in the HEp-2 celi
adherence assay.

TnphoA was similarly introduced into HBIO1(pJPN36).
Transpositions into pJPN36 were detected by transforming
pooled plasmid DNA from individual matings and selecting
kanamycin-resistant (Km'} transformants without initial re-
gard for PhoA activity. pJPN36::TnphoA muiants were
screened for loss of the AA phenotype in the HEp-2 cell
adherence assay in an HB101(pJPN52) host. All AA™ mutants
were subsequently tested for PhoA activity on XP-supple-
mented media.

DNA sequence analysis. The DNA sequence of region 1 was
determined by the dideoxynucleotide chain termination
method of Sanger et al. (37) on double-stranded templates by

-
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using Jaql cycle sequencing Kkits (Applied Biosystems [ABI],
Foster City, Calif.} in a the.mal cycler (Perkin-Elmer Cetus).

For « ~ce analysis, DNA was purified by the alkaline
lvsis-| ‘lene giveol purification method recommended by
the r wrer of the sequencing kits (2). Templates in-

cludec 55102, pSS103. pJPN41 (Fig. 1A), and DNA frag-
ments subcloned from these constructions in pUCIS or
pUC19. Both strands of DNA were sequenced by using
fluoresceinated forward and reverse pUC primers (ABI) with
primer chemistries or custom oligonucieotide primers with
terminator chemistries. Primers were synthesized as needed on
an ABI model 392 automated DNA/RNA synthesizer.

For each AA™ transposon mutant, the TnphoA insertion
point was determined by DNA sequence analysis. An EcoRV
or Sal/l DNA fragment containing all or part of the transposon,
respectively. and flanking DNA were subcloned into oUC18 or
pBluescript/SKI by using kanamycin selection. To sequence
outward from Tnpho-cont. - [ag inserts, a primer comple-
mentary to the 5 end . ¢ uncated phoA gene (5'-
TCGCTAAGAGAATCA 3. - sused.

The MacVector Sequence An=hsis software program (In-
ternational Biotechnologies. Nev  lave 1. Conn.) was used to
determine restriction enzytne sites, o,=n reading frames
(ORFs). and deduced amino acid sequence  £-om the obtained
DNA sequence. Protein database searches. comparisons. and
alignments were performed with MacVector software by using
the GenBank Entrez Protein Database.

Construction of a malE-aggA fusion and generation of
anti-AggA polyclonal antiserum. The agg4 gene lacking its
predicted signal sequence was amplified with the oligonucleo-
tides 5'-GCGTTAGAAAGACCTCCAATA-3' (sjs5) and 5'-
GCCGGATCCTTAAAAATTAATTCCGGC-3' (ss6) as prim-
ers (see Fig. 2) and plasmid pSS103 (Fig. 1A) as the tempiate
with the GeneAmp PCR kit (Perkin-Elmer Cetus). The PCR
cvcle included denaturation for 1 min at 94°C. primer anneal-
ing for 1 min at 30°C. and extension for 1 min a1 72°C (30
cvcles). The amplification product was digested with Klenow
fragment and BamH]I and cloned into the expression vector
pMAL-p2 (New Engiand Biolabs [NEB]. Beverly. Mass.).
which had been digested with Xmnl-BamHI. In this way. the
truncated agg4 gene was inserted downstream from the malE
gene with its signal sequence. This construction, designated
pSS120. was confirmed by DNA sequence analysis with the
malE primer (NEB) and transformed into E. coli TB] for
expression and purification of maltose-binding protein (MBP)-
AggA fusion protein (3).

Cultures of TBI1(pSS12) were grown in rich medium with
glucose (3) at 37°C with shaking to an optical density at 600 nm
of (.5, followed by induction with (.3 mM isopropyi-g--
thiogalactoside (IPTG) (Sigma) for 2 h. Osmotic-shock prep-
arations were made from washed celis, and the periplasmically
expressed MBP-AggA fusion was purified by affinity chroma-
tography on a cross-linked amylose resin column. following the
manufacturer’s (NEB) recommendations.

New Zealand White male rabbits (1.5 kg) were immunized
intramuscularly with purified MBP-AggA fusion mixed 1:1
with complete Freund’s adjuvant. At 2- to 4-week intervals. the
rabbits received four additional doses of MBP-AggA mixed 1:1
in incomplete Freund's adjuvant. Three weeks after the last
immunization. the animals were phlebotomized to obtain
serum.

HEp-2 cell adherence assay. The HEp-2 cell adherence
assay was performed according to the original method of
Cravioto et al. (8). Briefh. 20 ul of an overnight bacterial
culture (grown statically in LB broth at 37°C) was added to the
HEp-Z cell monolayer (50 10 75% confluence) is. 24-well tissue
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culture plates (Costar Corporation. Cambridge., Mass.). In-
fected monolayers were incubated in Minimal Essential Me-
dium (Life Technologies. Grand lsland, N.Y.) containing 0.5%
p-mannose for 3 h, washed with Hanks™ balanced salt solution
(Life Technologies), fixed. and stzined with 10% Giemsa prior
to determination of adherence pziterns by light microscopy.

Electron micrescopy. Electron microscopy and immunogold
electron microscopy were performed by standard methods with
a JOEL JEM 1200 EX II transrission electron microscope
(24). Antiserum to affinity-purificc MBP-AggA fusion protein
was used at a dilution of 1:100. ard commercial antiserum 10
MBP (NEB) was used at the samz dilution.

RESULTS

Tnpho4 mutational analysis of AAF/] region 1. Results from
TnphoA mutagenesis of pJPN31 hzve previously been reported
(29. 31). Of 86 nonadherent izsertion mutants originally
reported (29). 3 represented independent insertions into re-
gion 1. The precise insertion site was determined for each of
these three mutants by restrictior. mapping and TnphoA junc-
tional DNA sequence analysis. ar these sites are represented
in Fig. 1B by square lollipops. Oae of these three mutants
expressed PhoA activity (filled sguare in Fig. 1B).

TnphoA mutagenesis of HB101.2SS101) vielded six nonsib-
ling PhoA™ mutants (of 1.170 1031 PhoA™ transconjugants)
with single transposon insertions iz pSS101. Three of these six
mitants were unable to adhere :0 HEp-2 cells. Restriction
mapping and TnplhoA junctional scquence analysis placed each
of thuse three mutations in AAF 1 region 1. The TnphoA
insert:on cites for these three muw:nts are represented in Fig.
1B by 4'icd triangular lollipops.

TnphA insertions into pJPN3e were screened for acquisi-
tion of Km" without regard to PheA activity. Of 40 such Km'
clones generated. 10 nonsibling mutants were found to be
nonadhesent 10 HEp-2 cells in ar HB101(pJPN52) host. The
exact locazion of TnphoA inse=ion for each of these 10
mutants was determined as for the previoush' described mu-
1ants, and these sites are represented in Fig. 1 by circular
lollipops.

In total. 16 TnphoA mutational insertions were obtained in
onc of threc constructions contaiz:ng AAF/I region 1. each of
which abrogated the AA pattern of adherence 10 HEp-2 cells
shown by the parent construct. Within the 6.8-kb Clal frag-
ment originalh reported as demoraating region 1 (31). all 16
mutational insertion sites are locz:2d within a 4.6-kb segment.

Nucleotide sequence of AAF1 region 1. The nucleotide
sequence of both strands of th: o.8-kb Clal fragment was
determined. Translation of the DNA sequence showed four
contiguous ORFs of greater thar. 100 codons. all within the
4.6-kb segment containing the A\~ TnphoA insertions. All
four ORFs are oriented in the sar2 direction. i.e.. from left 10
right on the linear map shown in F:g. 1. These ORFs are given
the genetic name agg (for aggrez:tive adherence fimbria 1).
and the individual genes are des;znated (from left 1o right)
aggD, ageC. aggB. and aggd4. With the exception of aggB,
TnphoA insertions which abolishsd the AA phenotype were
obtained in each of these ORFs. and the translated protein
products show relatedness to componenis of other fimbrial
biogenesis gene clusters. Figure - displays the DNA sequence
of the 4.6-kb segment containing :he agg gene cluster and the
deduced amino acid sequence. The overall G+ C content of the
agg gene cluster is 43%.

aggD sequence. Analysis of the nucleotide sequence encod-
ing AggD revealed an ORF of ~36 nucleotides which starts
with the ATG codon at nucleotide 133 (Fig. 2). A stretch of
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AAATGGGGECCEAATCCTACTGTTAGAAGATTGAMATAT CTTAMTAATCCTATTTTTITAGCGTTATATGATTTGACTCTTTATALMI CAAGCTTCAAG
rbs g0

TTCAAGTTCAAGTTCAAGTYCAAGTUATAGC GATCAAGATTCGAAGATAGTTTCAA CAATAGCTATAGCATTAAGTGTTTTTACTTTTGCGLATGLCCA

M K IR R IVSTIAIALSYFTFANARQ

ATCATTTGAAMATGT GLAGAATAACGCCAAGTATTTTCTTTCCATTTACCTCCAACACCTATCATTTATAAGCCTAATTCTTCT CLAGAAACATTGCCA
SFElVElI‘AKVFSlMl.GATlHlVKPISSCiTlA

CTTATTAATGAACATAACTATCCTATATTACTCCAAGCCAATCTATTATCAGAGCATCAAMMAMAMATATTCCACCTTTTATAATTACACCTCCETTATTTC
VI N ENRKYPILVQANVLSEDQKONTIAPTFIITEPPLEF

GACTTGATGCTCTACAATCAAGCCGCCTTCOTATTGTCAAMMACAGAAGCAGCTTTTCCAATAGATCCTRAAACTCTACAATGGATCTCTCTAAAGGCCAT
R L DALQS SR LEKIVEXKTECGCAFPIDRES STILQYICVYKAI

TCCTCCAAAATATGAAGACAAAT GG GCTAA GAAGAA GTTAGC COAAMAAAT CAGATAAA GCAACTATGAATATACAAGTTTCAGTAAGCAGTTGCATT
P P KY EDX ¥ AEKEEV SGCEKKSDEKATMNXSNEIQVSYSS CI

AMCTATTCCTTCCTCCGGCAGATCTUAAAGGGCAACCAGATGAT GTAGCAGCAAMAAT CAAGTCGCAAMAGTCCOAMTAAMTTAMAGGACTAAALC
KL FVER&EPADVYKGQPDDVAGCKIKYQKYGCNKKILELEGCVN

CAACGCCATTCTATATCCACATTGCTGACTTGAGAGTAGGT GAAAAAGAATAACTGAACCCATTATATAGCTCCTTTTTCTTCTTAC GAATATCCGAT
P Y P F Y MNDIAELRYCCEKETITETHNHYIAPFSSYEYPM

GCCTETAATGGGGGGECGEEACCTCCRATGCAAACTGGTAACTCATTACCCTCOTATTACTAAMMACATT TCAAACAGCGCTTAATAT T TAATCATCTTIT
P VN CCGCDVRYKXKVYVTDYGGCISXTFETCGCLNT-®

epgC
ATATATGAMACATCATCTTTCATAATAGTCATTCTTTTCT G TT TCGAATAGAAMATCTAATCOCACATACATTTTCATTYGATCC CCTTTATTAMAC
HKTSSFIIVILL(FIIENVIA‘HTFSFDASLlu

CATGUTAGCGGGGGEATAGACTTAACTCTACTTGAGAAAGCAGCGCACTTGCCTGRTATTTATCCCATTATATAATTTTAMTGCTICCCCTATTCATT
H ¢S C6GIDLTLLEKGCGGCGQLPCIVYPVDIIULNGSTRID

CAAGGCATATATTCTTTTACACAMAMAATA GG CATCCT GAATATTACCTCAACCCTCTTTAACTCGACATATTTTCATTAATTAI CRACTAMAAC
SR DIJIF FYTEKEKNRGHKEGCEYY LKXKPCLTRDPDILINY VKT

AGAAGAATACCCTAATCTTTTCCCGCAAMATACTCAAMMAATAGAGACACTAGCGATTCTGCTCACTTATCACTGATCCCCCAAGCTACAGAAGACTAT
E EY P N LFRQNKSEKNRDSSDCADLSVYVIPQATETDY

CATTITATAMACAGCAACTAATACTCGGAATTCCACAAGTTCCGATCCGCCCACCATT GACAGGCATTGCCCATGAMCAATCTGOCATCATGGTATAT
HFfFIXQQ1lLILGIPQVAIRPPILTGCIAHNETMYYTDDGCI

CAGCATTTTTCTTGAACTCGCAAGTAGAGGGGACT CATTGCGAGTATAGAAGTAATACT CGAMTTCTTCACACAATTTTTGGCCCACTTTCLAACCTECC
S A F LLNYTQVEGS HYEYRSNTRNSSDWNWNFUYaASLETPGE

AATCAATCTCCGATCTTCLCCAATCAGAMAT CTCACAACTT CRAATAACTCTTCCCGGCACTCAGGAAGTCECAAGCTCATATATTICTCTTCAGCCT
I x i ¢S ¥R IRNLTTU®WNKEKS S GCQS CCKUVWESSYIRYER

GCCTTAMCAATATAAMAMCTCCTTTCACCTTTGECRATCACTATACACCATCAGATATTTTTGACAGTCTTCCTTTTCCTCGCGCRATETTAGGATCTG
G L NN JIKSRLTFGCDDY TP SDIFODSVEPFRGGCHY L GCS

ATGAAMATATCCTCCCATATAATCAACCTGAATTTCCTCCTCTAGTGAGAGCTATTCCCCOAACCCAAGCACGAATAGAAGTACCTCAMATCLCTATCT
D E N MV PY NQRETFAPY VECI ARTQARTIEVRQNGY L

AATACAGACTCCTATCCTCTCACCAGCGCCTTTTCCCTTAACAGATCTTCCACTCACGCCLAACCCTGCTGACTTCCAACTTTCGCTATTAGAGTCAGAC
I QS I VS PCAFALTYDLPVT CRECDLQVY VYV LESD

GOCACTATACAGACTTYTAATCTGCCATY TACTACTCCGCCTATTCCTCTTCOTGAACSATATTTGAAA TACAATCYAACACTTCCAGMTACCCTCCATY
CTIQTYTF NUVPFTTPAIALREGSGCYLXYNXKVTIVCCEYZRTP

CTGACGATAGTATCGAAGGAGCATATCYTGGACAATTGACCGCTATCTATCCTTTACCATCCTCGTTGACAGCCTTTGCTGLAATCOAL STAAGTCAACA
$ DD S I ECAY LGQLTAMYCLPY ST TAFGCGC]I Y SEHN

TTATCAGGGTAATGCATTGCLATTAGCTTTGTCATTGGGAGCCTTCCGCTCTATATCACTAGACACGATTTATTCTC GAGGACAACAMAGGGATATACT
Yy Q ¢ M AL GLGCIL SLEGCGCGCFGCGSISLDTIYSRCECEQUQELCTYS

AATCAMTACGAMMMCTTCLCGCCTCCOTTATCATAACTCCTTTCACCTAACACCOACTACTTY TCCTGCAGCTTATCAAGATTCAASTECAGETTACC
N EIGCKT®RVRYDCEKSFELTCGCTSFAACYQDSSaACY

ATTCATTCGCCGGACCTATTGGATACTYATCCTAATCGTACTGCATACAGCACTTATCATAATAGAATTCGCCGGACCACAATAMCCATAAG PCAAGCGCT
HSLADVYLDT YR NGCGTAYRSYDNRIRRTTINISQAL

). BACTERIOL.

nucleotides consisting of a 6-bp segment directly repeated six
times was detected in the noncoding region 5' to aggD. A
putative ribosome binding site and —10 and —35 sequences are
also shown upstream of aggD in Fig. 2. Analysis of the encoded
amino acid sequence by the algorithm of von Heijne (44)
predicts the presence of an amino-terminal signal peptide of 32
amino acids. The predicted mature protein contains 220 amino
acid residues and has a calculated molecular mass of 24.6 kDa
and an isoelectric point of 8.9.

Alignment of the AggD amino acid sequence with proteins

in the GenBank Entrez Protein dzrabase revealed significant
homology with periplasmic chaperone proteins involved in the
biosynthesis of several other fimbri:l and nonfimbrial adhesins
including E. coli NfaE (1) and PapD (25), Yersinia pestis CafIM
(12) and PsaB (26), and Yersinia ererocolitica MyfB (16). The
percent amino acid identity betwesn AggD and each of these
reported chaperone proteins is shown in Table 1. An ideal
alignment betv-=en AggD, NaE. CafIM. MyfB, and PapD is
shown in Fig. 3. PapD, the protonpe periplasmic pilus chap-
erone, binds P-pilus subunits and delivers them 10 the outer
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TCTCTTCCGCTAAMCCGCGECCCTCATRATATCCTCATAMCTAMGCAGGATTATATAGCTCCATCTTATASTAATTCATGGAM
¢ E® EC S VALUNGCCRDEYRDEKYKQDY I CASYS NS VK

GOTATTACCTTCGCACTAAYTGGTCACCCAATAATAATATCCCAGATTATTATAGCAACACTTTACGCACCLAAMATAATTTAAML CTCTGRATGAGTA
€I TF AV RY SR NNNIGCDY Y S HSLETENSNLELSE NS

TTCCTATGAMCGCTGETTCECCCCRATGATAMEGGCCTAACAGCTACAGCACAGATACAACCTATCACCGRACAMMATACACTTTATCAAMCGOGETT
I P M KR ¥ LGGCDDKGCVT AT AQIQRITGEOQENTLYETGCGCL

AMCGGACCTECCTTTCRACAMAGCTATACTCGCATATACCTCAACAGATACTACCTCCTAGCAMTATCATCCAGATACTACTCTATTCAATCTTCGC
M C R AFGQEKLYY¥YDIGRREQIVEPCSKYDADTS S L L N¥LER

TGCTCAGCTGETTATCGCCACCTAACAGGAATGCTATAGTTACAATCCTAACACACGCCAGATGAACCTTGGGACCTCTGRAAGCATSLCTATACATACTC
T S €6 Y G ELTGMY SY NR NTRQMNY TS GCS5SMaATHNS

GAGCTATAGCATTYGCCTCAGAAMACTCATGATACAATGCCTTTAATTCCTECACCACCAATAGCTGLACCCTCACTTGOTCCCTCOL CTCRACTCAGTAC
€ €I A F CQUKTDODDTMALTILIAAPCIAGASVEECYPGoVST

TGATTTCCOTGCATATACATTCCTAGCACATCTATCTCCTTATCAGGAGAATATTATTACACTYCATCCTACAACTTTTCCTCATAATACAGAAGTCTCC
D F R CGYTLVGCHNY SPYQENIITLODPTYTTFPODRTEVYVS

CAMUCGGATAGGCCTCTTATTCCAACTAAGGGAGCATTAGTCCAAGCAGAATTTAAGACTCCTGTCUCTAATCCTCCTCTCCTCACACTGACCCOTAAGG
QT DRKRRVIPTKGCALVYQAEFEKTRVCECHNRALVYVTIILTREK

ACCCACGCTTTTGCCATTTCCTACCCTTCTTACCCTTCAMGAAMMACCCRAGAAGCATTTCGACTCTGCAGCTCTTCTAGATCATAASGGGAAGCTCTA
D CT LLPF CTVVTLERCKTGCEAFESAGCGVYVY DDCLKGCKVY

TCTAAGCGGGCTCTCTRAGGCTCCAMACTCAAGGCCCAGTCEGGCACAAMCAGCCAGTCCTATGCCGACTACAMCTGCCACTAMAMAGGGAATCTCA
L $ G L S EAGKILEKXAQY GCGT XS QCY ADYI KLPLEXEKGHNS
rbs o
GOAATTTTTCTCACCCOTCCAGTCTCTATCTAACAGEACCCAAGTTATGCTCAAMAGAGCATATTACCGATCTCCTGCCGTCTACTTCTCATGGTAATG
¢ I FLTRAVCMHS® ML KKS T LPMUS CCVYV LY MNVNM

AGTCETTTATTAGATGCCGCAGAMATTACCTTCATAACT CACAMACTCTAGGGAGTCAATTACGTCATCCTATGAACTTAGCAACASCAAGAATTCCCT
SGI.lDA‘AEITI.ISHKTLCSQLKDGNKLATGRIA

GTAGGGAACCACATGATGOATTTCATATATCCATAMTGCCACTCAAMTGCAAAGTTGCTCATTATATTGCTACAAMACAATAGACMAC CAAGCATCA

C R EP R DGF HIU® INASQNGEKYGCHYIVQNDNERETHIEKHMHE

CTTGAM T CAAATAGGLEETECCEEETCETCATCTTCTYTCATAGAAGGGCAACGCCGACTATACAGCCAAGCAGAAGAAMACASCCTATCTTTCAT
L KV KI CCGCGCWwW S S SLIEGCQT®RGCY YROQGCETETEKQAIFD

ATTATGTCCGATCCRAATCAGTATAGTGCCCCTCCCAAMTATATATTTTCAGTAAGTCCTCAATCTCTAATAT CAAGAGCATCAMUTTATTTATCAATA
I W SDGCKQYSAPGCEYIFSVYSGCECLISERECS®

rbs ogpt
CTGCTAMTTAATTCCCTCTAATAMTAACATCTTCTTCCATCCTTTTTTATAMGCAATCTAMTATCAATAGET CAMATACATGAAACATTAAMAA
MK TLK
sjsS
ATATGAGAGAM GAATTTATGCATTACTTTCCCTTTAGTTACTCTTCTATCTAGGGCCUGCTAACCCT, uf CCAACTGA
lulllll(ITLGLVSLLSlGAIA‘ALElFPIKATE

GACAATCCGCCTCACCETTACAMATGATTCTCCTCTTACTATAGCTACAATACTCCACCAMTCTTCCTCTATCCTCAACAACACCAM TAATATTTAAC
T IR LT VT NDCPVTIATNSP PNV VS STTEFIIL1CFN

GCAACAGTAACGACGACAGAGCAATCTGCTAAMAGCCCTCCAAGGCTCTGCTTATGGCCAACACCTCCCCCTAATAAGTGLOTCCTAAGLATACTACAA
AT VT TTEQCAKSCARV ¥ LUYCTCAANKYVLIERTT

ATACAAMACAAMATACACATTAMTCCATCTATAGATCGAMTTCATATTTCCAGACTCCAGGAACTAATCCAGCAATTTATAMAMTCTGACAAC CAG
HTKQKYTLNPSIDGNKSY FQTPGECT NAAIYXSYTTR

sjsb
AGACAGACTTCTGAAGGCAAGTCTCAAGGTTCACCCTAAMATTCAAGTATTAATACCAGGCGAATATAGAATCATACTCCATSCCCLMATTAATTTTTAA
DRV LEKASVYVEVDPX IQV LIPGCETYRMNIILMWALCLIXF-:"

AACTCTATGGATAATAGAACTATATCGGAAATAGCCGCTCATACTCATAAMAACCCAMGGATCATATTACTATCAGGCTATATTMTTCTTCATACCGA
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FI1G. 2. Nucleotide and predicted amino acid sequences of the agg gene cluster (aggDCBA) within AAF/] reg:2n 1. The nucleotide coordinates
are numerically indicated in the left margin. Single-letter codes for amino acids are shown below the comzsponding nucleotide sequence
(1ermination codons are shown as asterisks). Gene designations are noted above the start codons of the respectih: ORFs. Predicted —10 and - 35
promoter sequences upstream of aggD and putative ribosome binding sites (rbs) are labelled and underlined. A stretch of 6 bp directly repeated
six times in the noncoding region 5° to aggD is italicized. The corresponding DNA sequences for oligonucleotiie primers sjsS and sjs6. used to
amplify part of the agg4 gene, are underlined and labelled. The predicted site of signal peptide cleavage for each srotein. according 1o the formula

of von Heijne (44), is marked by a vertical arrowhead.

membrane for assembly into pili (15). It has two globular
domains (each consisting of multiple antiparallel B-strands)
oriented towards one another to form a cleft and contains
conserved and variable amino acids, features it has in common
with the immunoglobulin superfamily (15). As noted in Fig. 3,
AggD shows a high degree of similarity to the PapD consensus
sequence, which includes amino acid residues important to the
maintenance of proper tertiary structure and formation of the

cleft wherein subunit binding occurs (15. 18). Distinct from the
PapD prototype. AggD, NfaE. CafIM. and My{B have o
cysteine residues, one each witkin the F1 and G1 B-strands
(with reference to the solved structure of PapD). While
cysteine residues are rare in this Zamily of molecuies, a pair of
cysteine residues are found in the G2 and H2 B-strands of
PapD and have been shown 1o lirk these two strands together
(15).
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TABLE 1. ldentities herween AggD or AggC and other pilus
chaperone proteins or outer membrane usher proleins, respectively

% identity to: Amino
acid
Protein Bactenal species overlap
(no. of
AgeC AggD residues)
Chaperones
NfaE E. coli 65 202
CafiM Y. pestis 41 220
PsaB Y. pesas 44 233
MviB Y. enterocolinca 4] 220
PapD E. coli 34 200
Usher proteins
CaflA Y. pesns 42 811
MC Y. enterocolinca 42 809
FimC  B. pertussis 27 811
PapC E. coli 24 811

aggC sequence. Seventeen base pairs downstream of the
ageD ORF. an ORF of 2.526 nucleatides was detected and is
designated aggC. No potential ribosome binding site was
discerned upstream of the ATG initiation codon (at position
903). The ageC deduced gene product has a typical signal
peptide of 21 amino acid residues. The expected mature
protein has a calculated .M, of 90,900 and a pl of 7.4.

A protein homology comparison of AggC with the protein
database revealed significant homology 10 outer membrane
molecular usher proteins including Y. emerocolitica MyfC (16).
Y. pestis CaflA (19). and B. =detella penussis FimC (45). A
lower degree of homology is noted between AggC and PapC
{33). the prototype outer membrane usher involved in P-pilus
biogenesis. The percent amino acid identities between AggC
and each of these usher proteins are shown in Table 1.

aggB sequence. Seventeen base pairs downstream of the
ageC stop codon, at position 3347 (Fig. 2). an ATG initiation
codon for a third ORF is noted. This ORF has tentatively been
designated ageB. A putative ribosome binding site is noted 7 bp
upstream of the initiation codon. The predicted amino-termi-
nal sequence of aggB contains a. typical signal peptide of 24
amino acid residues. and the expected mature protein has a
molecular mass of 13.3 kDa and a pl of 8.4. As noted above. no
AA™ TnphoA insertion mutations were localized to the aggB
ORF. and a homology search revealed no significant similarity
1o other reporied protweins.

agg4 sequence. The aggB gene is followed by a 101-bp
intergenic segment and then z 313-bp ORF, designated aggA.
This ORF is preceded by a putative ribosome binding site 9 bp
upstream of the ATG start codon at position 3985 (Fig. 2). The
deduced AggA protein contains a predicted signal sequence of
28 amino acid residues. followed by a mature polypeptide of
143 residues with a molecular mass of 15.6 kDa and a
theoretical isoelectric point of 9.7. The AggA protein exhibits
nominal homology (17¢z amino acid identity) with the major
subunit of F4] fimbriae (11) 1data not shown).

Localization of the AggA gene product. As depicted in Fig. 1.
the generation of three PhoA™ TnphoA insertions in frame
with the agg4 ORF confirmed that AggA is normally exported.
Because AggA is required for expression of the AA phenotype
and shows homology with the F41 major fimbrial subunit, it
was hypothesized that this protein is a structural subunit of
AAF/1 fimbriae.

The ultrastructural location of AggA was determined by
immunogold electron microscopy with antiserum raised

). BACTERIOL.

against affinity-purified MBP-AggA fusion p:. .cin. This anu-
serum specifically decorated bundle-forming fimbriae (AAF/})
on wild-type EAggEC strain 17-2, as shown in Fig. 4. As a
control, anu-MBP antiserum did not decorate the surface of
strain 17-2. Additionally, MBP-AggA antiserum did not deco-
rate 17-2(AaggR) (32). which does not express AAF/I (data not
shown).

DISCUSSION

Nataro et al. (31) have previously described mo noncontig-
uous plasmid regions required for AAF/l expression and AA.
In this paper. we present a detailed analysis of the AAF/]
determinants within region 1. These determinants consist of
four contiguous genes within a +.6-kb span of region 1 of the
60-MDa plasmid from wild-npe EAggEC strain 17-2. On the
basis of mutational analysis, amino acid sequence homologies.
and ultrastructural data, it is inferred that the products of three
of these four ORFs, namely, AggA, AggC. and AggD. senve as
a structural fimbrial subunit. outer membrane usher protein.
and periptasmic chaperone, respectively. in AAF 1 biogenesis.
The function of the aggB gene product could not be established
from the studies presented herein. By using another strategy.
however, it has since been shown that insertional mutations in
this gene result in weak expression of the AA phenotvpe with
HEp-2 cells vet abolish manncse-resistant hemagglutination
(28a). This may suggest some diferences in the genetic deter-
minants required for the AA phenotype and mannose-resistant
hemagglutination and is especially interesting since no proteins
homologous to AggB have yet bezn reported for other fimbrial
biogenesis svstems.

In addition 10 the agg gene cluster described terein. a single
determinant in AAF 1 region 2 < essential for AAF | produc-
100 and AA. This gene, called =2¢R. is an araC F0omolog and
appears to be a transcriptional zctivator of AAF I expression
(32). The plasmid pJPNS2 contzins the entire agzR gene and.
as noted previously. complements in trans pJPN36. a plasmid
construct containing AAF/I region 1. 10 allow expression of the
AA phenotype. In this context. ihe direcily repeated hexamer
(TCAAGT) 5’ 10 the transcription start point of ageD may be
important (Fig. 2). AraC induces transcription of Py.p by
binding to directly repeated half-sites (7). Likewise. other
prokarvotic regulatory proteins. such as ToxR. also appear to
recognize directly repcated DNA sequences (281. Siudies are
in progress 1o determine if this :andemly repeaicd hexamer is
involved in AggR binding and transcriptional activation.

The low GC content of the agz gene cluster relative 1o that
of the E. coli genome raises some guestions as 10 its evolution-
ary origin. Of note. less than 1 k> upstream of the start codon
of aggD. an ORF with a deducec amino acid sequence sharing
43% identity with the resohase gene of Tn® (1mpR) was
discerned, and a 38-bp segment Sanking this ORF shares 58%
identity with the Tn3 inverted-repeat sequence (data not
shown) (14). While there is a precedent for plasmid-encoded
virulence determinants being found on transposons (40). the
ability of the agg gene cluster 10 transpose has not been
experimentally determined.

Organizationally. the agg gene cluster shares similarities with
certain other fimbrial operons. Like CFAT of enterotoxigenic
E. coli (46), the gene regulating transcription of fimbriae and
accessory proteins is noncontiguous. Interestingly. the gene
encoding EAggEC heat-stable enterotoxin 1 (EASTI) is lo-
cated <] kb downstream of the uggd siop codon. in the span
of DNA between regions 1 and > (39), much like the organi-
zation of CFA/] determinants and the heat-stable enterotoxin
(STa) gene on some plasmids in enterotoxigenic E. coli strains
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(46). if direct daia to support a role for AA and production of
EAST1 in EAggEC disease pathogenesis are obtained, this
span would appear to comprise an important virulence cas-
sette.

The aged gene, which appears to enccde the major fimbrial
subunit of AAF/], is located downstream of other assembly
genes. In this regard. it is organizationally similar to the
operons involved in bicgenesis of each of the adhesins in the
Dr adhesin family (which recognize tne Dr blood group
antigen as a receptor). including F1845 fimbriae (5), Dr
hemagglutinin (41), and the afimbrial adhesins AFA-1 (22) and
AFA-111 (23). These are distinguished from operons encoding
determinants of many other fimbriae, whereby the major
fimbrial subunit gene is at or near the 5' end of the operon
(21). Likewise, the agg gene cluster is configured similarly to
the determinants of members of the Dr adhesin family with
respect to the overall number and relative order of genes
required for adhesin expression (5, 22, 23, 41). Distinct from
the AAF/] determinants. though, the presumed regulatory
genes of the Dr adhesin family are contiguous with the genes
encoding the assembly proteins and adhesin subunit, usually at
the 5" end of the operon (5. 22).

AGGREGATIVE ADHERENCE FIMBRIA | BIOGENESIS
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Three distinct mannose-resistant patierns of adherence to
HEp-2 cells have been discerned in studying so-called en-
teroadherent E. coli: LA, AA, and DA (38). LA is character-
istic of EPEC. Evidence 1o date suggests that bundie-forming
pilin, encoded by bfpA, may represent the LA adhesin (10).
Ninety-nine percent of EPEC strains hybridized with a bfpA4
gene probe, suggesting a common genetic determinant medi-
ating this phenotype (13). BFP pilin shares characteristic
features with other pilins such as Vibrio cholerae TcpA and
Neisseria gonorrheae MS11, all members of the type IV pilin
family (10).

While two different DA determinants have been cloned, the
F184S fimbrial adhesin has been most thoroughly character-
ized (4, 5). DNA hybridization studies show that approximately
60 to 80% of DAEC strains share relatedness with F1845
genetic determinants (28a). As mentioned above, F1845 be-
longs to the family of Dr adhesins. Like other members of this
family, F1845 is both the major fimbrial subunit and the DA
adhesin (34).

From the data presented herein, it is clear that the AAF/]
determinants are genetically distinct from those determinants
described for the LA and DA phenotypes. On the basis of

5 10 20 25 30 35 40 45 50 55

AggD KVFSL HLGAT .PNS SGETLAVI .NYP ILVQANVLS E..DOKNIA.P FII u:i!'
NfaE rVFSL HLGAT .PaS SGETLtVI g.dYP mLVQseVLS E..DQKspA.P
CaflM Keygv tiGes .1da aGvmvsVk N q.dYP vLiQsriyd Enkekesed.P
MyfB K.FSv rtGeT 1ssv kGvsLsVt .@YP ILVQt@Vkg E..DkhspA.P FmaTH
PapD av sLArT gsek S.mTLdis kqlP ylLaQAwien En.eQKiltgP vIaTH
Consensus ~* ~*--T cmme meoetotl ———— -L-SQ:-W*-N -----------

60 65 70 7% 80 85 90 95 100 105 110 115 120
AggD DALQ SSRLRIVKT .E.G.AFPID] SLOWICVKAI KYEDKWAK EEVSGKK..S.DK .ATMNIQVSV
NfaE DggQ SSRLRIVIT .g.G.eFPsDRE SLOWICVKgl KedDrwWhe gkdgeKK..a.DK .vslNvQlSV
CaflM DAkQ gnsLRIaga .g.G.vFPrDKE SLkW1CVKgl [HPKAEDiWvd datnkgKfnp.DK dvgvfivQfai
MyfB DAgm rgRVRVtIT .g.G.nFPeDRH SLOW1Citgv [HPKegDvWdn sqhdkKn..nmgd .vnlNIllSV
PapD epga kSmvRls.T tpdisklPq SLfyfnlrel HPrsE.K.An ..V........ e eeaa 1Qial
Consensus --=-- ~-- *RIvec conceaeo P-DRE] SL-WLNV-~] [BP--cc-nce ccomeccccanne cvea- L-*Al

125 130 135 140 145 150 160 165 170 178

Aggbh i R GOPDDV.AGKI KWQKV .GNK LK PTPFY MDIAELRVG ..EKEI..... TE
NfaE VKGrPDDV.AGKvV eWQra .GNr LK PTPFY inlstltVG ..gKEv..... kE
CaflM elKGtPigf.AeKl sWkvd .GgK Liaey PsPFY MnIgELtfG ..gKsI..... p-
MyfB qlrgkPeem.AGKl iWhrn .GqQQq PTPFY MnfksvslG ..nKnlklssagn
PapD aiKtrPneVwgdqgl ilnkKv sGg. PTPyY vtviglL..G gsEKagaeegefE
Consensus el P L L Lttt G- --* PTPYY *~c--¥eue cocvmccccccw-

180 185 190 195 200 205_ 210 215 220
AggD THYIA SSYEYP MP..VN...GGGDV RWKVV TOME5IS KTFETGL NI
NfakE reYIA SSrEYP 1P....... aGhrV Rfsgr
CaflM SHYIp Stwafd lPkgla...GarnV sWrii 31d rlysknv tl
My£fB enYvA aersfs 1P..Vdmaerpaei nWqii I3seS qvFkani
PapD Tvmls Seqgtvk san.yN..... t.p ylsyi MGGrp vlisficn gs rcsv kkek
Consensus =-==- [ —-c=-=c =~-cccoac—ooo seee® NOHGF~= —=-o-ee == —ooc ceoo

FIG. 3. The inferred primary sequence of AggD is shown in alignment with the primary sequences of NfaE (1.. CafIM (12), MyvfB (16), PapD
(25), and the chaperone consensus sequence (17). Residues in the alignment are numbered according to AggD. Canital letters indicate amino acids
identical to the corresponding residues in AggD. The consensus sequence was previously compiled from a comparison of 13 members of the
chaperone family (17) not including AggD, NfakE, and MyfB. Asterisks in the consensus indicate positions of coaserved hvdrophobic character.
Capital letters in the consensus indicate residues conserved in 8 of 13 sequences, while boxed residues are invarizat for all 16 chaperone proteins.
Periods represent gaps introduced for optimal alignment. The labelled arrows below the sequences indicate the B-srands resolved from the crystal

structure of PapD, which are arranged in sheets to form two globular domains. .
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FIG. 4. Immunc; ~!d eleciron micrograph of strain 17-2 decorated with gold purticles after primany incubz:on with anti-MBP-AggA antiserum.

Bar. 200 nm.

nucleotide and dzCuced amino acid sequences of the AggA
fimbrial subunit. AAF | does not readily fall into any known
family of fimbrize. although modest homology with F41 is
recognized (11). Furthermore, while it appecars that AggA
represents a major AAF/1 fimbrial subunit. data 10 assign
AggA arole as the actual AA adhesin are as vet lacking. It is
appreciated that the AA phenotype generally presents threc
different interactions. Bacteria adhere not only 10 the epithelial
cell but also 10 one another (interbacterial interaction) and
often to the glass matrix. Although the agg gene clusier is
required for expression of the AA phenotype, the molecular
basis for each of these interactions is not vet clear. We have
produced antiserurn against AggA which specifically decorates
AAF/] fimbriae in vitro. Preliminary experiments suggest that
this antiserum mgz: inhibit HEp-2 cell adherence, although
more detailed studizs are ongoing to determine the exact role
of AggA in HEp-Z cell AA.
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