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The aggregative pattern of adherence (AA) exhibited by enteroaggregative Escherichia coli upon HEp-2 cells A

is a plasmid-associated property which correlates mith aggregative adherence fimbria I (AAF/I) expression and ! I
human erthrocyte 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 00
TnphoA mutants which were negative for the AA phenotype were analyzed. The TnphoA insertion site for each ME:

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/1, encoding a major fimbrial subunit, outer membrane usher, and j )/i"
perinlasmic fimbrial chaperone, respectively. B. immunogold electron microscopy, polyclonal antiserum raised
against the aggA gene product decorated AAF/h fimbriae, affirming that AggA encodes an AAF/I subunit.

Enteroaggregative Escherichia coli (EAggEC) strains have phenotype by a 1.2-kb fragment which encompasses region 2
been incriminated as causative agents of persistent childhood (32). Mapping data show that reions I and 2 are separated by
diarrhea (9, 38). EAggEC strains are defined by their pattern 9 kb on the plasmid of strain 17-2 (31), and the structural gene
of mannose-resistant adherence to HEp-2 or HeLa cells. for a beat-stable enterotoxin is found in the interceding span
Bacterial aggregates adhere to epithelial cells in a stacked- (39).
brick-like lattice, so-called aggregative adherence (AA) (30). In this paper, we present detailed mutational analysis of the
The AA phenotype is distinct from the localized adherence AAF/I determinants in region I and the corresponding nude-
(LA) and the diffuse adherence (DA) patterns of epithelial cell otide sequence. The described gene cluster and its deduced
adherence characteristic of enteropathogenic E. coli (EPEC) protein products show organizational and structural similari-
and diffusely adherent E. coli (DAEC). respectively. The LA ties to other known fimbrial biogenesis systems of pathogenic
pattern is typified by the formation of distinct bacterial micro- gram-negative bacteria.
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 MATERIALS AND METHODS
human-derived intestinal explants and cultured intestinal mu-
cosa in a pattern similar to that seen in the HEp-2 cell Bacterial strains, plasmids. and growth conditions.

adherence assay (20. 47. 48). suggesting that this adherence EAggEC strain 17-2 (serotype 03:H2) is a Chilean pediatric

phenotype may have relevance in human colonization and diarrheal isolate which harbor, a 60(-MDa plasmid. p17-2.

disease. encoding AA determinants (431. All of the plasmid construc-

For several EAggEC strains. including prototype strain 17-2, tions used in this study are derived from p17-2 and are

the genetic determinants conferring the AA phenotype are represented in Fig. IA. To construct plasmid pSSI1OI, TnA,

associated with large. ca. 60-MDa plasmids, which show a high encoding ampicillin resistance. was introduced into p1 7-2 as

degree of conservation among EAggEC strains (29, 43). In previously described (35). E. coli HBI01 was used as host for

EAggEC strain 17-2. two noncontiguous regions on its single plasmid constructs. 17-2(AaggRi has an in-frame deletion in

large plasmid, termed regions I and 2, are required for the aggR gene and does not express AAF/l (32).

expression of the AA phenotype, aggregative adherence fim- Strains were routinely grown on LB medium (36) at 37"C

bria I (AAFII) expression, and mannose-resistant hemaggluti- and stored at -70"C in LB broth supplemented with 20%

nation (31). Region 1 determinants required for the AA glycerol. Supplements were used in the following concentrations:

phenotype are contained on a 6.8-kb ClaI fragment (32) (see streptomycin, 100 i.g/ml; ampicillin, 200 ý±g/ml: kanamycin, 50

Fig. 1). A plasmid construct containing this fragment can be jig/ml; tetracycline, 30 jAg/ml: and the alkaline phosphatase

complemented in trans to express AAF/I fimbriae and the AA chromogenic substrate 5-bromo-4-chloro-3-indolyl-phosphate
(XP) (Sigma), 40 jig/ml.

Recombinant DNA techniques- Plasmid DNA was purified

Corresponding author. Mailing address: Enteric Diseases Pro- by the method of Birnboim and Doly (6) or by cesium

gram. Naval Medical Research Institute Annex. 12,300 Washington chloride-ethidium bromide density gradient centrifugation fol-
Ave., Rockville, MD 20852. Phone: (301) 295-1636. Fax: (301) 295. lowing alkaline extraction (36). Restriction endonucleases and
6171. other DNA-modifying enzymes were purch~ased from Boehr-
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FIG. 1. (A) Restriction map of pSSI01 showing the region harboring AAF.'l regions I and 2 (demarcated h% irackets). Relevant subclones are
depicted beow this map.% with their correspond~ing adherence phenotypes indicated to the right. The cloning vecto'r, (%%ith the relev ant construction
in parentheses) were as follow-s: pCVD-301 (p.IPN3I). pRK415 (pJPN3h). pBR328 (pJPN5;2). pBluescript/SKI i'pON-JI. and pUCl'Y (pSSIO2 and
pSSIO3). The bracket grouping pJPN'36 and pJPN52 indicates that these clones complement one another in :r.;nsý to express the AA phenotype.
(B) Enlargement of the 6.,:-kb Cal fragment representing region I and a physical map of the a&g gene cluster. The positions of the individual genes
are indicated by the lettered open boxes. Location of the EAST? enterotoxin gene (aszA) is also shown (39). TniMio insertion sites into region
I1-containing clhnes which abolish the AA phenotype are marked by lollipop%. Triangles indicate insertions into rss 101. squares indicate insertions
into p.IPN3I. and circles indicate insertions into pJPN36. Solid lollipops signify PhoA' mutations. while open lo!!ipop% indicate PhoA- mutations.
The nucleotide sequence for the -.6-kb seement denoted hy the thick black line is presented in Fig. 2. Restriction %ites shown are Clal (Q). Sphl
(Sp). Dral (D). Kpnil IK). Sall (Sal. Xhal (X). Banil-Il (B). Sspl (Ws. A-0l (P). EcoRV (EV). and EcoRl (Elti

inger-Mannheim (Indianapolis. Ind.) and used according to activity is detectable colorimetrically. were pooiled from each
the manufacturer's instructions. Conjugations were performed conjugation. To eliminate those mutants with chromosomal
by the plate cross-streak method (36). and transformations insertions. plasmid DNA was prepared from each pool and
were performed by the technique described by Mandel and used to transform HBIOI. Transformants expressing PhoA
Higa (27). activity on agar supplemented %%ith kanamycin. streptom Vcin.

Tn~phoA mutagenesis and determination of TnphoA inser- and XP were studied for adherenCC capability in the HEp-2 cell
tion sites. TnploA mutagenesis of the AA-conferring recoin- adherence assay.
binant cosmid pJPN31 %%as pre%'iOUSly reported (29). as was the TnpltoA was similarly introduced into HBIOI(pJPN36).
assignment of these mutations to eiter region I or region 2 of Transpositions into pJPN36 were detected by transforming
AAF/I by restriction mapping (31). Additional transposon pooled plasmid DNA from indi'idual matings and selecting
mutagenesis was performed separately on HBIOI(pSSIOI) and kanamycin-resistant (Kin7) transformants without initial re-
HBJOI(pJPN36/pJPN52 I. both of which express the AA phe- gard for PhoA activity. pJPN3 6::TnphoA mutants were
notvpe (Fig. IA). Tnplio.-l was introduced into these constructs screened for loss of the AA phenotype in the HEp-2 cell
by using the conjugative suicide vector pRT733 as previously adherence assay in an HBI 01(p.1PN52) host..All AA- mutants
described (42). ForHB1OI(pSSIOI), each conjugation mixture were subsequently tested for PhoA activity on XP-supple-
was plated on agar supplemented with streptomycin, kanamy- mented media.
cmn, and XP. Blue colonies, indicating an in-frame TraphoA4 DNA sequence analysis. The DNA sequence of region 1 was
insertion into a gene whose product is transported extracytoplas- determined by the dideoxynul~ceotide chain termination
mically such that extracellular alkaline phosphatase (PhoA) method of Sanger et al. (37) on double-stranded templates by
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using 7aqI cycle sequencing kits (Applied Biosystems [ABI], culture plates (Costar Corporation. Cambridge, Mass.). In-
Foster Cit, Calif.) in a the,-m.al cycler (Perkin-Elmer Cetus). fected monolayers were incubated in Minimal Essential Me-
For s, -ce analysis, DNA was purified by the alkaline dium (Life Technologies, Grand Island, N.Y.) containing 0.5%
lvsis-f lene glycol purification method recommended by D-mannose for 3 h, washed with Hanks' balanced salt solution
the r turer of the sequencing kits (2). Templates in- (Life Technologies), fixed. and stzined with 10% Giemsa prior
clude.. _,)S102, pSS103. pJPN41 (Fig. 1A), and DNA frag- to determination of adherence patterns by light microscopy.
ments subcloned from these constructions in pUCI8 or Electron microscopy. Electron rnicroscopy and immunogold
pUC19. Both strands of DNA were sequenced by using electron microscopy were performed by standard methods with
fluoresceinated forward and reverse pUC primers (ABI) with a JOEL JEM 1200 EX 11 transr-ission electron microscope
primer chemistries or custom oligonucleotide primers with (24). Antiserum to affinit,-purifieC MBP-AggA fusion protein
terminator chemistries. Primers were synthesized as needed on was used at a dilution of 1:100. ar.d commercial antiserum to
an ABI model 392 automated DNAIRNA synthesizer. MBP (NEB) was used at the same dilution.

For each AA- transposon mutant, the TnphoA insertion
point was determined by DNA sequence analysis. An EcoRV RESULTS
or Sail DNA fragment containing all or part of the transposon,
respectively, and flanking DNA were subcloned into oUCI8 or TnphoA mutational analysis of.AAF/I region 1. Results from
pBluescript/SKI by using kanamycin selection. To sequence TnphoA mutagenesis of pJPN3I h'-•e previously been reported
outward from Tnpho.A-zont. .;ag inserts, a primer comple- (29, 31). Of 86 nonadherent it.,ertion mutants originally
mentarv to the 5' end e .- cated phoA gene (5'- reported (29). 3 represented independent insertions into re-
TCGCTAAGAGAATCA 3'. s used. gion 1. The precise insertion site %as determined for each of

The MacVector Sequence AnAlvsis software program (In- these three mutants by restriction mapping and TnphoA junc-
ternational Biotechnolocies. Net lavc i. Conn.) was used to tional DNA sequence analysis. an. these sites are represented
determine restriction enzyme sites, oen reading frames in Fig. lB by square lollipops. One of these three mutants
(ORFs). and deduced amino acid sequencc f:om the obtained expressed PhoA activity (filled square in Fig. IB).
DNA sequence. Protein database searches, comparisons, and TnplioA mutagenesis of HBIOi,.:SS1OI) yielded six nonsib-
alignments were performed with MacVector software by using ling PhoA' mutants (of 1.170 to:al PhoA' transconjugants)
the GenBank Entrez Protein Database. with single transposon insertions in pSSIO1. Three of these six

Construction of a malE-aggA fusion and generation of m|'tants were unable to adhere .:o HEp-2 cells. Restriction
anti-AggA polyclonal antiserum. The aggA gene la-king its mapping and TnphioA junctional .tquence analysis placed each
predicted signal sequence was amplified with the oligonucleo- of thLst three mutations in AAF I region 1. The TnphoA
tides 5'-GCGTTAGAAAGACCTCCAATA-3' (sjs5) and 5'- insert;o!, -tes for these three mu'•nts are represented in Fir.
GCCGGATCCTTAAAAATTAATTCCGGC-3' (sjs6) as prim- IB by fi'cd triangular lollipops.
ers (see Fig. 2) and plasmid pSS103 (Fig. 1A) as the template Tnp /zA insertions into pJPN3t, were screened for acquisi-
with the GeneAmp PCR kit (Perkin-Elmer Cetus). The PCR tion of Kmi without regard to PhoA activint. Of 40 such Km'
cycle included denaturation for 1 min at 94°C. primer anneal- clones generated. 10 nonsibling ,utants were found to be
ing for 1 min at 30'C. and extension for 1 min at 720C .(30 nonadhetem to HEp-2 cells in ar. HB101(pJPN52) host. The
cycles). The amplification product was digested with Klenow exact locanion of TnphoA inse.-on for each of these 10
fragment and BaniHl and cloned into the expression vector mutants was determined as for ti.e previously described mu-
pMAL-p2 (New England Biolabs [NEBJ. Beverly, Mass.). tants, and these sites are represented in Fig. 1 by circular
which had been digested with Xrnnl-BaniHl. in this way. the lollipops.
truncated aggA gene was inserted downstream from the malE In total. 16 TnphoA mutational insertions were obtained in
gene with its signal sequence. This construction, designated one of three constructions contain-ng AAF'l region 1. each of
pSS120. was confirmed by DNA sequence analysis with the which abrogated the AA pattern -. adherence to HEp-2 cells
nalE primer (NEB) and transformed into E. co/i TBI for shown by the parent construct. Within the 6.8-kb Clal frag-

expression and purification of mahose-binding protein (MBP)- ment oricinally reportcd as dcn-.:-zating region 1 (31). all 16
AggA fusion protein (3). mutational insertion sites are Ioc•'ed within a 4.6-kb segment.

Cultures of TBI(pSSI21-) were grown in rich medium with Nucleotide sequence of AAFI region 1. The nucleotide
glucose (3) at 37°C with shaking to an optical density at 600 nm sequence of both strands of th- n,.8-kb Clal fragment was
of 0.5. followed by induction with 0.3 mM isopropyl-03-o- determined. Translation of the DNA sequence showed four
thiogalactoside (1PTG) (Sigma) for 2 h. Osmotic-shock prep- contiguous ORFs of greater than 1(K) codons. all within the
arations were made from washed cells, and the periplasmically 4.6-kb segment containing the A-k- TnphoA insertions. All
expressed MBP-AggA fusion was purified by affinity chroma- four ORFs are oriented in the %Ar•e direction. i.e.. from left to
tography on a cross-linked amylose resin column, following the right on the linear map shown in F-e. I. These ORFs are given
manufacturer's (NEB) recommendations, the genetic name agg (for agsreg.ative adherence fimbria I).

New Zealand White male rabbits (1.5 kg) were immunized and the individual genes are de--.:•nated (from left to right)
intramuscularly with purified MBP-AggA fusion mixed 1:1 aggD, aggC. aggB. and aggA. \W-th the exception of aggB,
with complete Freund's adjuvant. At 2- to 4-week intervals, the TnphoA insertions which abolished the AA phenotype were
rabbits received four additional doses of MBP-AggA mixed 1:1 obtained in each of these ORFs. and the translated protein
in incomplete Freund's adjuvant. Three weeks after the last products show relatedness to components of other fimbrial
immunization, the animals were phlebotomized to obtain biogenesis gene clusters. Figure ' displays the DNA sequence
serum. of the 4.6-kb segment containing :he agg gene cluster and the

HEp-2 cell adherence assay. The HEp-2 cell adherence deduced amino acid sequence. Th,- overall G + C content of the
assay was performed according to the original method of agg gene cluster is 43%.
Cravioto et al. (8). Briefl'. 20 p1 i of an overnight bacterial aggD sequence. Analysis of the nucleotide sequence encod-
culture (grown statically in LB broth at 37"C) was added to the ing AggD revealed an ORF of -56 nucleotides which starts
HEp-2 c•ll monolayer (50 to 75% cunfluen,.e) i;, 24-well tissue with the ATG codon at nucleotide 133 (Fig. 2). A stretch of
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161 r77L44CA7crACtAeM0CiATAGGATGA*GcATrCAGA~rrAGMTAcrTTcMCTCAwTACaTrCA1TMGTCr17ITACTTTGCrCATr.CCCA
M XK1I RII VS TI'A IA LS VF TF AIMA Q

261 ATCATrrGhAMTCrGGAGATAAC~cCAACAflCTATGCA1TTrrArrcGTcCCAcGTATGA~rnAMrAA"GcrTYrcTTCGC ACATTGGCA

361 C frATrhAT AA CATAA CTATC CTATAT TArCMCAAG C GTCTA TrAT CA G.A ATCAMAAMWTATT VAGC f "~A TAArA CA C CTC C CrA~rr C
V I N E NHNY PI L V QA MV L S f 0Q K IAP FI I T VPL F

461 GAC7TTATGCrCTACAMTCMGCCGCCrrCCTATTCrCL4ACACMAGCGCMlTCCMATAGATCCTCAAACrCTACAATGGATCGTCTAAMrCCGAT
A L D AL Q SS ALRI VXKT E CA FP 1 aIES LQ I ICV KA I

561 TCCTCCAAATATGPG MGCC&GGCTTAGCC6AMMAAATCAGATAAMGCDACrATCAATATAC5ACTTCACTUGC*CAFGCA1
P P K V1 09 1A KEfV S 6 W.S 0 KA T 0401 9VS V SSC I

"I6 MA"CrAfTTCGMTCCGGCAGATCTU.AGGGCAACCAGATGATCTAGCACGMAATCAATGTGCAMAAGTCGGMATMATflAAMGCTAOA"C
K L F V AP AoVXKC6Q P 0V A KI K VQ KV & KL 9 6V

761 CAACGCCArrCTATATGQCA1TGCTGACTTG.AGACTAGGCAMMGAMTAACTGAACCCATTATATAGCTCCrrrrTCrTCTTALCMTATCCGAT
PT P F Y M 1A ELIRVC EXKE I T E NYI AP F SS TE YP M

561 6CCrCTAMT6G . . .6GGCC7CCATCGMACTGGTAACTC.ATTACGCTCCFA1TACTMMkCATrTGAAACAGGCmMTAATATUýTCATCTTT

901 ATATATGAAA~rATCATCrrrCATAATAGCrATTCrrrTGCr~rrrCGMAMTT G~ATC1rcTT CCcC-ICTTA1rMAAC
MX KTS SF I IV I L L C FI I EN V IA IH TF S F A S& L L

1661 CATGCTAGCC. . . ATAGAC"r~rACrrmGAr.AMGAG"CcACTGCCTGGTATTTATCCCCfrGATATATATTTAMTGCrCTCCTrATTGATr

1161 CMGGGATATATrTCTTACACAAAAAAMT~rACcAT"crGAATATTACCTCAACCCTGTMAACrCGAGATATrrrA1TAuTLGA.:CTAAAMC
S DI F F Y T K KN AN6E Y LKP C L T 1 1L I N 6V KT

126 ACAAC"rACCCTATC1TrTrCCGCAMATAAAMTACT A G~cACACAC(ArFCTCcTGACTTATCACrGATcCCCCMAGCTACAGAAGCTAT
E E Y PNL F RQ NS E K N S S DC ADL SV I PQ AT ED Y

1311 CATM~ATMAACAGCAACTMATACTCGGATrCCACA.AMCCCATCCGCCCACCATTGACAGGCCATrGCCCATGUACAATGTCCTGAY"GCTATAT
N FI K0QQL I LGI PQ VA I RP PL T 1A NE TM V 0D 6

1461 CAGCATrTTGITTGACTGGCMCkTMA"GGCACTCA1TGGACTATAGAACTMTACCCGAMTTCTrCAGACAAITrrrrGGCCACrTTGGACCTfGG
S AF L L N QV E GS N FY RS V TIt0S S NF VA S L E P

15O61 A"rCMTCGGCATC1TGGCGATCAGATCCACIAAmGGMTMGCTmCrCCGCACrCAGGAMCr .G.AMGcTCAATATAtTrCrTGAC.ACCT
I ML G S VRI N L T T V NKS S C Q S RE S S Y 19V E

1661 CGGIMAACUATATAAAAACTCCTTTGACCTI7GGGATGACTATACACCATCAGATATffrT&ACACTCITCCrilTCCTGGGGr.WTCTAGGATCrC
6 L N NI KS RL TFGCD 0YT P S 01F 0S V P FIG UC aLC S

1761 ATGUMTATGGTG#CCATATUATCMCCTGAATITGCCCTCTACTCACAGCrATTGCCCGU"CCCDAACACGAMTAUCTACCYCMMTGGCTATCV
0 E N iV PVN Q RE FA P VV AG IA RTQ AA I E V AQ 16YL

1861 AATACA"CATCCrATCcGTCCACCA"GGcrMCCcTrAAACA1C1TCrCACACG"CGGG"~cCcTGU"mGCAAGTGMcA-TrAGACrCAGAC
I QS ItI VS P A F AL I tP V CNCG D L Q V VVL E S

1961 GGCACTATACACACrMAATGTGCC.AMrACrACTCCGGCTATrTCCTC!CGTGMGCTATTGU.TACAATCI'UCACnf"TA~MCCCTCCAT
C TI Q 7F NVP F7T P A IA L RE YLXKY NV TV GE Y AP

2661 CTGACGATACTATCGMCGAGCATATCTTGCACU1TTGACGCCTATCTATGCCACCATGCTCG1TGACAGCCrTITGCT4ATCCMITUACTGMCA
S D DS I EG A YL GQ L 7A 4Y &L P VS L1TAF G CI CVS E

2161 TTATCACGGTUATGCA1TGGGATAGCTI7CTCATTGGGAGGCITCGCTCTATATCACTAGACACGA11TATTCTCGAGGACAACAUMGGATATACT
V QGMAL GLGL SL CGFCSXSLDTIYSIGQQICYS

2261 AATGAMATAGGM&4ACffrGCCCCTCCG17ATGATAACTCCTFGAGTAACAGCGGACACrMCCrG"CA"rA7MGA1TrCACTCCACGTA~C
N E I CX9T RV R KS F EL L T 7SFAAA 6Y Q DS S AGY

2301 AT!CArrTGGCGACGTA1TGGATACTYATCCMTAAGTAC1GCATACACGACFTATGTATTAGAATTCGGCGACCACMTAAACATAAGCUCGCGCT
N S L A DVL 0T RN 6T A Y RS Y 0 II t I T 10 2S QA L

nucleotides consisting of a 6-bp segment directly repeated six in the GenBank Entrez Protein database revealed significant
times was detected in the noncoding region 5' to aggD. A homology with periplasmic chaperone proteins involved in the
putative ribosome binding site and -10 and -35 sequences are biosynthesis of several other fimbrial and nonfimbrial adhesins
also shown upstream of a&D in Fig. 2. Analysis of the encoded including E. coli NfaE (1) and PapD) (25), )'e~rinia pestis Cafi M
amino acid sequence by the algorithm of von Heijne (44) (12) and PsaB (26), and Yersinia creemcolifica MyfB (16). The
predicts the presence of an amino-terminal signal peptide of 32 percent amino acid identity between AggD and each of these
amino acids. The predicted mature protein contains 220 amino reported chaperone proteins is shown in Table 1. An ideal
acid residues and has a calculated molecular mass of 24.6 kDa alignment betv'-en AggD, NE. CafIM. MyfB, and PapD is
and an isoelectric point of 8.9. shown in Fig. 3. iPapD, the prototype periplasmic pilus chap-

Alignment of the AggD amino acid sequence with proteins erone, binds P-pilus subunits and delivers them to the Outer
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2401 TGCTGGCCGA"TCTCff CCGCTAMCCGCGGCCCTGATCAATATCCTGATAAACTMAGIAAACCACFTCMTAGM

2501 GCTAr7ACCrTCCCACrMAArCCTCACCCDTATMTUTATCCGAGArrATrATAG"CAGACAC VCACGCL4MTATTTAAACCTCTGGATCACTA

2001 fltCTATCLUCGCCVGrCCGGCATGATTADfACCCAACAGCTACAGCACACATACAACCTATCACCGGACAAMATACACrTAThAMCGGGGT

27S1 AAMCCG.ACCTCCMTTGACMAACGfATACTCCCATATACCrGAACArGATACTACCTCCTAGCCAATATC.ATGCAGTACTAGTCTAITGUTC1TCGC

2U1 TGGTCAWGTMATGCCGaAArCAGGMTCTATAG1TACAATCCTMACACACGCCAGATGMCOTCGCACTCTCGrAACATCGCTATACATACTG

29S1 CGCGTATAGCA1TGCTrCAGAAMCTCATGATACAATGGCMA~rT1GcCcUAcCCAATAGCTcGA"GTCACTTCCTCCC CCTGACrcAGTAC

3101 CAAMCCGATAGGCCTCrTATTCCACAGGCr...CUnAFCTCMCAGAmCACTTAaCCI'CrGGCTTCCrGCCTCCTGArCACTCACCCGTMCC

3201 AC6GMCGCTMrCcCATrrGcrACCGMCrTACCCrrVuACMMAACCGCAGAAGCA~rrGACrcTGCAc C~rrAGATGATAJ"GGM&CrCTA

3301 TCrGCGC"GCTCTTCAGCTCGAMaCTMGCCCACT"CGGGCAAMCAGCCAGTG.CTATrCCCGACTACAAACrGCCACTAAJMACGGMTCTCA

3401 GGAATTICTUrCCCCrrCCACrC!GTATGFMCAMMSGi.#MGTATGCCTAA&MAGCCATArACCGATCTCCrCGC"TCTACrTCTGATCCAATG

S C L LD AAA E ITL IS HK TL G S Q L ItD MKL A 7CAI A

3"1 CTACGGGACCACATCATCCATnCATATATGGTArTGcrc&TGAAATGC GCTTAA7T1AAAAAcMACwACAA"CATGA
C It Et. P N D 4 F N I W I X A S Q M G K V C N Y I V Q X X I I T K N Et

3701 c7TGkAACrCAAATAGcCGcGCCGGTrGGTCff CMcnATAAGCCCACCGcGACvATACAC"uGAGGAAGAUA~CA~r.ATCrrrQAT

3861 A7TATCTCCGTCVCGMTCACTATACrGCCcCTGCrCMTATATAmTf CACTCGruCCUACAAGTA~IAnTAT

pbs
3661 CTCCTAUTFAATTGGCTCTAATATAATCATCTTCrTCCATCCrrrrfrATAAAGCUTCTAMTATCATAMGAUATACATGAMACATTDAAA

M 9TL K
SimS

4101 "CACMTCCCCCTCACCCTAATC"ATGTCTCCTC7ACTATAC#CTACAATACTCCACCA"MATGCCAKCTCAAWACACCM"TAATA7TTTMC
.T I AL T V T N D C P VT I A T N S P P X V C V S STI T V II F X

4201 vCJACACTAACCGACAGACJ.TcTGCTAAAAGCC"TGCUfCrCrTVGTATGGGAACACCGMCCCCATU CTGCCCCTLA5CCATACTACAA

4301 ATACLCAATCAAFATCATCTATACATCG"AMTCATAT'TCCAGACTCCACGACTAATGCCAGATr7ATMU.ATCI'GCACCAG
X T Q KY T L NP SI DCXS Y FQ T P T NA A ITKIv T TIt

sJ96
4401 ACACA"CrC1TCTAGGCAACTCTCAAGCTCCCCTLM1TAAfCCTA7TTTACCAGCGDATATAGMTGATACTC CC-, '-~T

4501 AMTCTATCGATMTAGAAcrATrCCATcwArccGaCATACTCATAMAACCGAAAGATCATATTACTATCACGCTATA77*TVtC7TGATACCGA

FIG. 2. Nucleotide and predicted amino acid sequences of the agg gene cluster (aggDCBA) within AAF/I rep.:n 1. The nucleotide coordinates
are numerically indicated in the left margin. Single-letCtr codes for amino acids are shown below the co.---'pondinj; nucleotide sequence
(termination codons are shown as asterisks). Gene designations are noted above the start codons of the respectu%. ORFs. Predicted - 10 and -35
promoter sequences upstream of aggfl and putative ribosome binding sites (rbs) are labelled and underlined. A -tretch of 6 bp directly repeated
six times in the noncoding region 5' to aggD is italicized. The corresponding DNA sequences for oligonucleon-'e primers sjsS1 and Sjs6. used to
amplify part of the aggA gene. are underlined and labelled. T~he predicted site of signal peptide cleavage for each zrotein. according to the formula
of von Heijne (44), is marked by a vertical arrowhead.

membrane for assembly into pili (15). It has two globular cleft wherein subunit binding occ-zn (15. 18). Distinct from the
domains (each consisting of multiple antiparallel P-strands) PapD prototype. AggD, NfaE. Caf IM. and MfB have two
oriented towards one another to form a cleft and contains cysteine residues, one each wittin the Fl and GI P-strands
conserved and variable amino acids, features it has in common (with reference to the solved structure of PapD). While
with the immunoglobu~in superfamily (15). As noted in Fig. 3, cysteine residues are rare in this family of molecules, a pair of
AggD shows a high degree of similarity to the PapD consensus cysteine residues are found in the d2 and 112 P-strands of
sequence, which includes amino acid residues important to the PapD and have been shown to link these two strands together
maintenance of proper tertiary structure and formation of the (15).
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TABLE 1. Identities betwieen AggD or AggC and other pilus against affinity-purified MBP-AggA fusion p; .. in This anti-
chaperone proteins or outer membrane usher proteins, respectively serum specifically decorated bundle-forming fimbriae (AAF/l)

% identito: Amino on wild-type EAggEC strain 17-2, as shown in Fig. 4. A-s a

acid control, anti-MBP antiserum did not decorate the surface of
Protein Bacterial spe-ies overlap strain 17-2. Additionally, MBP-AggA antiserum did not deco-

AgpC AUD (no. of rate 17-2(..aggR) (32). which does not express AAFI (data not
residues) shown).

Chaperones
NfaE E. coli 65 202 DISCUSSION
CaflM Y pesti. 41 220
PsaB Y pests 44 233 Nataro et al. (31) have previously described t'o noncontig-
MyfB 11 enzrocolinca 41 220 uous plasmid regions required for AAF/I expre:sion and AA.
PapD E. cobi 34 200 In this paper. we present a detailed analysis of the AAF/I

Usher proteins determinants within region 1. These determinants consist of

CaflA Y pestis 42 811 four contiguous genes within a -.6-kb span of region I of the
MyfC Y enterocolinca 42 809 60-MDa plasmid from wild-type EAggEC strain 17-2. On the
FimC B. pernssis 27 811 basis of mutational analysis, amino acid sequence homologies.
PapC E. coli 24 811 and ultrastructural data, it is inferred that the products of three

of these four ORFs, namely, AggA, AggC. and AggD. sen e as
a structural fimbrial subunit, outer membrane usher protein.
and periplasmic chaperone, respectively. in AAF I biopenesis.

aggC sequence. Seventeen base pairs downstream of the The function of the aggB gene product could not be established
aggD ORF. an ORF of 2-526 nucleotides was detected and is from the studies presented herein. By using another strategy.
designated aggC. No potential ribosome binding site was however, it has since been shown that insertional mutations in
discerned upstream of the ATG initiation codon (at position this gene result in weak expression of the AA phenotype with
905). The aggC deduced gene product has a typical signal HEp-2 cells yet abolish mannose-resistant hemagglutination
peptide of 21 amino acid residues. The expected mature (28a). This may suggest some differences in the genetic deter-
protein has a calculated .'M,/ of 90,900 and a pl of 7.4. minants required for the AA phenotype and mannose-resistant

A protein homology comparison of AggC with the protein hemagglutination and is especially interesting since no proteins
database revealed significant homology to outer membrane homologous to AggB have yet been reported for other fimbrial
molecular usher proteins including Y. enterocolitica MyfC (16). biogenesis systems.
1Y J)'stis CaflA (19). ý..d B. -,eiella pcrmussis FimC (45). A In addition to the iwg gene c.-:er de-,crhecd t.,.-fl.,a single
lo\\cr dcerCC of homolo,-cv is noted between AggC and PapC determinant in AAF'I region 2 essential for A-kF I produc-
t33). the prototype outr: meM'.brane usher involved in P-pilus lion and AA. This gene, called .;,R. is an ara(t nomolog and
biogenesis. The percent amino acid identities between AggC appears to be a transcriptional activator of AAF I expression
and each of these usher proteins are shown in Table 1. (32). The plasmid pJPN52 contains the entire ac,,R gene and.

aggE sequence. Seventeen base pairs downstream of the as noted previously, complements in trans pJPN36. a plasmid
aggC stop codon, at position 3-47 (Fig. 2). an ATG initiation construct containing AAF/I region 1. to allow expression of the
codon for a third ORF is noted. This ORF has tentatively been AA phenotype. In this context. the directly repeated hexamer
designated agiB. A putative ribosome binding site is noted 7 bp (TCAAGT) 5' to the transcription start point of a•gD may be
upstream of the initiation codon. The predicted amino-termi- important (Fig. 2). AraC induces transcription of PUAD by
nal sequence of aggB contains a. typical signal peptide of 24 binding to directly repeated half-sites (7). Likewise. other
amino acid residues. and the expected mature protein has a prokaryotic regulatory proteins, such as ToxR. alo appear to
molecular mass of 13.3 kDa and a p] of 8.4. As noted above, no recognize directly repeated DNA sequences ('St. Studies are
.A- Tnpha4 insertion mutations were localized to the a&,B in progress to determine if this ".andemlv repea*dJ hcxamcr is
ORF. and a homoloev search revealed no significant similarity involved in AggR binding and transcriptional activation.
to other reported proleins. The low GC content of the ag,7 gene cluster relative to that

agg4 sequence. The aggB gene is followed by a 101-bp of the E. coli genome raises some questions as to its evolution-
intergenic segment and then a 5 13-hp ORF. designated aggA. ary origin. Of note. less than I kb upstream of the start codon
This ORF is preceded by a putative ribosome binding site 9 bp of aggD. an ORF with a deduced amino acid sequence sharing
upstream of the ATG start codon at position 3985 (Fig. 2). The 43% identity with the resolvase gene of TnS (mnpR) was
deduced AggA protein contains a predicted signal sequence of discerned, and a 38-bp segment %anking this ORF shares 58%
28 amino acid residues. follow ed by a mature polypeptide of identity with the Tn3 invertec-repeat sequence (data not
143 residues with a molecular mass of 15.6 kDa and a shown) (14). While there is a precedent for plasmid-encoded
theoretical isoelectric point of 9.7. The AggA protein exhibits virulence determinants being found on transpoo.vns (40). the
nominal homology (17% amino acid identity) with the major ability of the agg gene cluster to transpose has not been
subunit of F41 fimbriae (11) 1 data not shown). experimentally determined.

Localization of the AggA gene product. As depicted in Fig. 1. Organizationally, the agg gene cluster shares similarities with
the generation of three PhoA- TnphoA insertions in frame certain other fimbrial operons. Like CFA I of enterotoxigenic
with the aggA ORF confirmed that AggA is normally exported. E. coli (46), the gene regulating transcription of fimbriae and
Because AggA is required for expression of the AA phenotype accessory proteins is noncontiguous. Interestingly. the gene
and shows homology with the F41 major fimbrial subunit, it encoding EAggEC heat-stable enterotoxin I (EASTI) is lo-
was hypothesized that this protein is a structural subunit of cared SI kb downstream of the aggA stop codon, in the span

AAF/I fimbriae. of DNA between regions I and " (39). much like the organi-
The ultrastructural location of AggA was determined by zation of CFAII determinants and the heat-stable enterotoxin

immunogold electron microscopy with antiserum raised (STa) gene on some plasmids in enterotoxigenic E. coli strains
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(46). If direct data to support a role for AA and production of Three distinct mannose -resistant patterns of adherence to
EASTI in EAggEC disease pathogenesis are obtained, this H-Ep-2 cells have been discerned in studying so-called en-
span would appear to comprise an important virulence cas- teroadherent E. co/i: LA, AA, and DA (38). LA is character-
sette. istic of EPEC. Evidence to date suggests that bundle-forming

The aWg gene, which appears to en,-cde the major fimrbrial pilin, encoded by bfpA, may represent the LA adhesin (10).
subunit of AAF/1, is located downstream of other assembly Ninety-nine percent of EPEC strains hybridized with a bfp2A
genies. In this regard. it is organizationally similar to the gene probe, suggesting a common genetic determinant medi-
operons involved in biceenesis of each of the adhesins in the ating this phenotype (13). BFP pilin shares characteristic
Dr adhesin family (which recognize tne Dr blood group features with other pilins such as Vibric cholerae TcpA and
antigen as a receptor). including F1845 fimbriae (5), Dr Neisseria gonorrlieae MS11, all members of the type IV pilin
hemagglutinin (41), and the afimbrial adhesins AFA-I (22) and family (10).
AFA-111 (23). These are distinguished from operons encoding While two different DA determinants have been cloned, the
determinants of many other fimbriae, whereby the major F1845 fimbrial adhesin has been most thoroughly character-
fimbrial subunit gene is at or near the 5' end of the operon ized (4,5). DNA hybridization studies show that approximately
(21). Likewise, the agg gene cluster is configured similarly to 60 to 80% of DAEC strains share relatedness with F1845
the determinants of members of the Dr adhesin family with genetic determinants (28a). As mentioned above. F1845 be-
respect to the overall number and relative order of genes longs to the family of Dr adhesins. Like other members of this
required for adhesin expression (5, 22, 23, 41). Distinct from family, F1845 is both the major fimnbrial subunit and the DA
the AAF/I determinants, though, the presumed regulatory adhesin (34).
genes of the Dr adhesin family are contiguous with the genes From the data presented herein, it is clear that the AAF.II
encoding the assembly Proteins and adhesin subunit, usually at determinants are genetically distinct from those determinants
the 5' trnd of the operon (5. 22). described for tne LA and DA phenotypes. On the basis of

5 10 15 20 25 30 35 40 45 50 55
AggD KVFSL HMLGAT WYK . PNS SGETLAVI ~Ha . NYP ILVQANVLS E. . DOMQIA. P FlII ýLFRL
NfaE rVFSL IMILGAT Yn .PaS SGETUtVI LZ q.dYP mLVQseVLS E. .DQKspA.P FvALFRL
CafiM Keygv tiGes ýIYp .ld~a aGvmvsVk 4q.dYP vLiQsriyd Enkekesed.P vl4LFRL
Myf B K.FSv rtGeT IYp lssv kGvsLsVt q.dYP ILVQtqVkg E. .Dkhsph.P Fina- 1LFRL
PapD av sLdrT Lvfd gsek S.mTLdis 4nkql P yLaQAwi en En.eQKiltgP vIa qR
Consensus -*--T I -. *. --- -- --- ----- F.* *...

60 65 70 75 80 85 90 95 100 105 110 115 120
AggD DALO SSRLRIVKT .E.G. A ID SLoQWICVKAI KYEDKWAK EEVSGKK. .S. DX ATMNIOVSV
NfaE DgqQ SSRLPIVr'T .g.G-:eFFPsDQ SSLQWICVKgI KedDrWAe gkdgeKK. .a.DK .vslNvQlSV

CafiM DAkQ qnsLRIaga .g.G.vF~rDq SLkW1CVKgI JdEDiwvd datnkqXfnp.DK dvgvfvOfai
MyfB D~gm rgRvRvtrT .g.G.nFPeDq SLOWlCitgv KegDvWdn sqhdkxn. .nmqd .vnlNIIISV

Consensus --- - - *I-- ------- P-DFC SL-WLNV--I W--------- ------------- ----- L-'AI

125 10 135 140 145 150 155 160 165 170 175
AggD SSC ~ AVGOPDIYV.AGKI XWQXV .GNK LX PTPFY MDIAELRVG . .EEI I....TE
NfaE SSC j aVGrPDDV.AG~v eWoz-a .GNr LK PTPFY inistLtVG . .gKEv....kE
CafiM n~nC jre1KGtPiqf.AeX1 sWkvd .GgK Lia PsPFY MnIgELtfG . .gKs .... p.
MyfE gt I qlrqkPeeiu.AGK1 iWhrn .Gqq PTPFY MnfksvslG . .nKnlklssagn
PapD cqt k ai~trPneVwqdql ilnKV sGg. yri JPTPyY vtvigL. .G gsE~aqaeegefE

Cness --- tS-L -------------------- ----- -'ry G-PJY------'- --------

180 185 190 195 200 205 210 215 220
AggD) TKYIA OFSSYEYP mp.. ... G.GGDv RwXW iY IS KTFETGL NI
NfaE reYZA SSrEYP IP ....... aGhrV Rfsgr
CaflM sHWY I p Stwafd 1Pkgla.. .GarrlV sWrii q I rlysknv tl
MyfB enYvA aersfs iP. .Vmaterpatei nwqii I e qvFkani
PapD) Tvmls Seqtvk san.yN....t.p ylsyi Y r vlsficn gs rcsv kkek
Consensus -- - I ---------- -- ------ ----[07!>

FIG. 3. The inferred primary sequence of AggD is shown in alignment with the primary sequences of NfaE (I1.. CaflhM u12), MyfB (16), PapD
(25), and the chaperone consensus sequence (17). Residues in the alignment are numbered according to AggD. C~iital letters indicate amino acids
identical to the corresponding residues in AggD. The consensus sequence was previously compiled from a co-parison of 13 members of the
chaperone family (17) not including AggD. NfaE, and MyfE. Asterisks in the consensus indicate positions of conserved hydrophobic character.
Capital letters in the consensus indicate residues conserved in 8 of 13 sequences, while boxed residues are invaria~t for all 16 chaperone proteins.
Periods represent gaps introduced for optimal alignment. The labelled arrows below the sequences indicate the A-5crands resolved from the crystal
structure of PapD, which are arranged in sheets to form two globular domains.
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FIG. 4. lmmuno.- 1!J electron micrograph of strain 17.2 decorated -ith icold particles after prima1n incui-:ion with anti-NI1BP-Acr.A antiserum.

Bar. 200 nm.

nucleotide and dZ-uced amino acid sequences of the .A-,,-A ,tnji 'si, of thc CeflC clusterz-odn nonfimbrial adhesin I from
finibrial subunit. .kýAF` I does not readily fall into an%. kniown tn L'Iwephc/ uropatbh:;:rt-. Infect. Immun. 61:25,05-2512.
familv of fimbriae. although modest homology with F41 is Applied Bio-;ystems. Inc. 2v1 High-qualit% template DNA for
recognze (70 ~nemrwie per htAIAlq c'clc sequencing using -ýe;Deox% terminators: an improved

represents a majo~r AAF/1 fimbrial subunit. data to asi,, PrCparation procedure. 1Uw.. Bulletin 18:1-4.
AggA a Tole as the actual AA adhesin are as yct lackino. It isuuc.R I.R Bet .E igtn.D .Moe .CC. Seidman. J.A.k Smith. and L. Struhi. 1989. Current protocols in
appreciated that the kA phenotype generally presents three molecular hiolov.ohWie&SnsNwYr.
different interaction;,. Bacteria adhere not only to the epithelial .4. Renz. I.. and MI. A. Schmidt. : 42. Isolation and serologic charac-
cell but also to ont. another (interbacterial interaction) and icrization of AIDA-I. the a&_:sin mediating the diffuse adherence
often to the glas.ý matrix. Although the a&T gene cluster is phenoi~pe of the diarrhea -iL,-xiated Esciicnchia co/i strain 2787
required for expreý;ion of the AA phenotype, the Molecular (0126:H2'7). Infect. Immur.. WO.13-18.
basis for each of these interactions is not yet clear. We have 5; Bilge. S. S.. C. R. Clausen. W. Lau. and S. L Sloseleo. 1989.
produced antiscrurn against AggA which specifically decorates MOiCClcllr characterization of _ fiMbrial adhesin. F1845. mediating
AAF/l fimbriae in --itro. Preliminary experiments suggest that diffuse adherence of diarrhea..associaied E~sclicnc/ai co/i to HEp-2
this antiserum ma' inhibit HEp-2 cell adherence, although cells. J. Bacteriol. 171:4281-':89.
more detailed studles are ongoing to determine the exact role 6 Birnboim. H. C.. and J. Dolý. 1979. A rapid alkaline extraction
of AggA in HEp-' cell AA. procedure for screening re.zombinant plasmid DNA. Nucleic

Acids Res. 7.-1515-1523.
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