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Colonization factor antigen I (CFA/I) is the archetype of eight genetically related fimbriae of enterotoxigenic
Escherichia coli (ETEC) designated class 5 fimbriae. Assembled by the alternate chaperone pathway, these or-
ganelles comprise a rigid stalk of polymerized major subunits and an apparently tip-localized minor adhesive
subunit. We examined the evolutionary relationships of class 5-specific structural proteins and correlated these with
functional properties. We sequenced the gene clusters encoding coli surface antigen 4 (CS4), CS14, CS17, CS19, and
putative colonization factor antigen O71 (PCFO71) and analyzed the deduced proteins and the published homologs
of CFA/IL, CS1, and CS2. Multiple alignment and phylogenetic analysis of the proteins encoded by each operon
define three subclasses, 5a (CFA/I, CS4, and CS14), 5b (CS1, CS17, CS19, and PCFO71), and 5c¢ (CS2). These share
distant evolutionary relatedness to fimbrial systems of three other genera. Subclass divisions generally correlate
with distinguishing in vitro adherence phenotypes of strains bearing the ETEC fimbriae. Phylogenetic comparisons
of the individual structural proteins demonstrated greater intrasubclass conservation among the minor subunits
than the major subunits. To correlate this with functional attributes, we made antibodies against CFA/I and CS17
whole fimbriae and maltose-binding protein fusions with the amino-terminal half of the corresponding minor
subunits. Anti-minor subunit Fab preparations showed hemagglutination inhibition (HAI) of ETEC expressing
homologous and intrasubclass heterologous colonization factors while anti-fimbrial Fab fractions showed HAI
activity limited to colonization factor-homologous ETEC. These results were corroborated with similar results from
the Caco-2 cell adherence assay. Our findings suggest that the minor subunits of class 5 fimbriae may be superior

to whole fimbriae in inducing antiadhesive immunity.

Enterotoxigenic Escherichia coli (ETEC) is a principal cause
of diarrhea in young children in resource-limited countries and
also in travelers to these areas (4, 19). ETEC produces disease
by adherence to small intestinal epithelial cells and expression
of a heat-labile (LT) and/or heat-stable (ST) enterotoxin (31).
ETEC typically attaches to host cells via filamentous bacterial
surface structures known as colonization factors (CFs). More
than 20 different CFs have been described, a minority of which
have been unequivocally incriminated in pathogenesis (14).

Firm evidence for a pathogenic role exists for CF antigen I
(CFA/I), the first human-specific ETEC CF to be described.
CFA/T is the archetype of a family of eight ETEC fimbriae that
share genetic and biochemical features (9, 14, 15, 24). This family
includes coli surface antigen 1 (CS1), CS2, CS4, CS14, CS17,
CS19, and putative CF O71 (PCFO71). The complete DNA se-
quences of the gene clusters encoding CFA/I, CS1, and CS2 have
been published previously (11, 12, 21, 36, 49). The genes for the
major subunit of two of the other related fimbriae have been
reported previously (13, 15). The four-gene bioassembly operons
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of CFA/L, CS1, and CS2 are similarly organized, encoding (in
order) a periplasmic chaperone, major fimbrial subunit, outer
membrane usher protein, and minor fimbrial subunit. CFA/T as-
sembly takes place through the alternate chaperone pathway,
distinct from the classic chaperone-usher pathway of type I fim-
brial formation and that of other filamentous structures such as
type IV pili (37, 52). Based on the primary sequence of the major
fimbrial subunit, CFA/I and related fimbriae have been grouped
together as class 5 fimbriae (28).

Studies of CS1 have yielded details on the composition and
functional features of class 5 fimbriae (46). The CS1 fimbrial
stalk consists of repeating CooA major subunits. The CooD
minor subunit is apparently localized to the fimbrial tip, com-
prises an extremely small proportion of the fimbrial mass, and
is required for the initiation of fimbrial formation (45). Con-
trary to earlier evidence suggesting that the major subunit
mediates binding (5), recent findings have implicated the mi-
nor subunit as the adhesin and identified specific amino acid
residues required for in vitro adhesion of CS1 and CFA/I
fimbriae (44). The inferred primary amino acid structure of
those major subunits that have been sequenced share extensive
similarity. Serologic cross-reactivity of native fimbriae is, how-
ever, limited, and the pattern of cross-reactivity correlates with
phylogenetically defined subtaxons of the major subunits (13).
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TABLE 1. Identity and phenotype of representative ETEC strains expressing each of the class 5 fimbriae used in adhesion assays and as a
source of DNA for fimbrial operon sequence analysis

Fimbrial Toxin

GenBank accession no.
Source or

Strain CF type(s) subclass type(s) Serotype of §train usefi for DaNA reference(s)
sequence analysis

H10407 CFA/L Sa LT, ST O78:H11 Not done® 10
WS2560B CS4 + CS6 Sa LT, ST O25:H™ AY281092¢4 This study
WS3294A CS14 Sa ST O78:H18 AY283611 This study
WS1974A CS1 5b ST O8:H9 Not done This study
WS2173A PCFO71 5b LT O71:H4 AY513487 This study
WS6788A CS17 5b LT O8:H9 AY515609¢ This study
WS0115A CS19 5b LT, ST O114:H™ AY288101 This study; 23
CI1f CS2 Sc LT, ST O6:H16 Published data 12, 51

“ GenBank accession number for fimbrial operon sequences completed in the course of this study.
® Published data on the CFA/I operon sequence are derived from ETEC strain E7473 (21).

¢ Accession number for the CS4 operon sequence.

4 The DNA sequence for the CS4 and CS17 operons from two other ETEC strains became available after the initiation of this study (1) (GenBank accession no.

AY216491).

Implication of the minor subunits of class 5 fimbriae as the
actual adhesins entreats scrutiny regarding the degree of their
conservation relative to that of the major subunits. We specu-
lated that CooD and its homologs have retained greater sim-
ilarity due to functional constraints imposed by ligand binding
requirements and/or its immunorecessiveness, itself attribut-
able to the extremely large ratio of major to minor subunits in
terms of fimbrial composition. The first aim of the present
study was to examine the evolutionary relationships of the
minor and major subunits of class 5 ETEC fimbriae as well as
the two assembly proteins. We then tested whether the defined
phylogeny predicted patterns of immunologic cross-reactivity
using in vitro binding inhibition as a functional end point. Our
findings reveal evolutionary distinctions between the class 5
major and minor fimbrial subunits and provide confirmatory
evidence that the minor subunits function as adhesins while
having practical implications for vaccine-related research.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The phenotypes of all ETEC strains
used in adhesion experiments are shown in Table 1. The type strains that
expressed CS1, CS4, CS14, CS17, CS19, and PCFO71 were each isolated from
the feces of young children with diarrhea as part of a longitudinal study of
childhood diarrhea in Egypt (38). Each of these type strains, except for those that
expressed CFA/I, CS1, and CS2, was also the source of DNA for sequence
analysis of the corresponding fimbrial operon. E. coli BL21 [F~ ompT hsdSB(rB~
mB™) gal dcm] was obtained from a commercial source (New England Biolabs,
Beverly, Mass.) and used for cloning and expression of maltose-binding protein
(MBP) fusions.

For routine propagation and protein expression, bacteria were grown in Luria-
Bertani medium (47) or in rich medium (10 g of tryptone, 5 g of yeast extract,5 g
of NaCl, and 2 g of glucose per liter). For hemagglutination and tissue culture
adherence assays, cultures were grown on CFA agar (8) with or without the
addition of 1.5 g of Bacto bile salts no. 3 (Difco, Detroit, Mich.) per liter.
Ampicillin (62.5 wg/ml) and kanamycin (50 wg/ml) were added as needed for
selection pressure.

DNA preparation and nucleotide sequence analysis. For DNA sequence anal-
ysis, wild-type plasmid DNA was purified by a modified alkaline lysis procedure
(plasmid midi kit; QIAGEN, Valencia, Calif.). Using the published sequence for the
major subunit sequence of the corresponding CF, primers were designed to read
outward from the 5" and 3" ends of each gene. The complete DNA sequence of both
strands of each fimbrial operon was then generated by primer walking. Wild-type
plasmid (1 to 3 pg of DNA) and 400 ng of primer were used for each sequencing
reaction. Sequencing reactions were performed with Big Dye terminator enzyme mix
(Applied Biosystems, Foster City, Calif.) in a Perkin-Elmer thermal cycler under the
following conditions: 25 cycles of 10 s at 96°C, 5 s at 50°C, and 4 min at 60°C. The
reactions were analyzed on an ABI PRISM 3100 genetic analyzer (Applied Biosys-

tems). Analysis of the derived sequences was performed with Sequencher, version
4.1 (Gene Codes Corporation, Ann Arbor, Mich.).

Database searches, multiple alignments, and statistical analyses. Published
sequence data for the genes encoding CFA/I (GenBank accession no. [gb]
MS5561) (21), CS1 Swiss-Prot accession no. [sp] P25731, sp P25730, European
Molecular Biology Laboratory accession no. [emb] CAA54229, and emb
CAA54230) (11, 20), CS2 (emb Z47800) (12), cable pili (gb AY114293), Tcf
fimbriae (NCBI reference sequence accession no. [NC_] 003198) (34), and a
putative Yersinia pestis fimbrial system (YPOO03797 to YPO3802; NC_003143)
(35) were retrieved from searches of the National Center for Biotechnology
Information nonredundant databases by using BLAST, version 2.2.5 (2). These
sequences along with those generated in this study served as the basis for
phylogenetic analyses. The MacVector molecular sequence analysis program,
version 7.2 (Accelrys, San Diego, Calif.) was used for translation and other
routine analyses of DNA sequence data. The SignalP program (version 1.1) was
used to predict the presence and location of signal cleavage sites (33).

Multiple-sequence alignments of sets of homologous proteins were produced
by using ClustalX (version 1.81) (54) with the default alignment parameters. An
in-house program was used to produce a multiple DNA alignment of the con-
catenated strings of the aligned amino acid sequences of the four proteins
involved in the alternate chaperone assembly pathway. Protein phylogenetic
trees were constructed by using the PAUP* program, version 4.0b10 (53), based
on neighbor-joining methods (40).

The proportions of polymorphic synonymous (pg) and nonsynonymous (py)
sites and distances (dg and dy;) were calculated by using the method of Nei and
Gojobori (32). To examine variation in the different fimbrial assembly proteins,
these statistics were tabulated in a sliding-window analysis of 30 codons along the
gene by the program PSWIN. The ratio of synonymous-to-nonsynonymous dif-
ferences per site within and between subfamilies was compared by using the
MEGA?2 program (25). The McDonald-Kreitman test (30), implemented by
DnaSP (39), was used to assess the role of natural selection in the divergence
within and between subfamilies.

Construction, expression, and purification of MBP fusion proteins. Recom-
binant plasmids were designed and constructed by PCR amplification and clon-
ing into the pMAL-p2 vector (New England Biolabs) for expression of the
mature form of the CFA/I major subunit (CfaB, residues 24 to 170), the N-
terminal half of the mature form of the CFA/I minor subunit (CfaE, residues 23
to 211), the C-terminal half of CfaE (residues 212 to 360), and the N-terminal
half of the mature form of the CS17 minor subunit (CsbD, residues 19 to 214).
Plasmid preparations of ETEC strains H10407 (CfaB and CfaE) and WS6788A
(CsbD) were used as PCR templates. The PCR primers, product sizes, and
restriction sites of pMAL-p2 used to make each construct are shown in Table 2.
Each PCR product was gel purified, digested with the appropriate restriction
enzymes, and cloned into pMAL-p2 to yield the desired protein fusion. The
integrity of each construct was confirmed by junctional sequence analysis. All
fusion constructs were electrotransformed into E. coli BL21 for further use.
Restriction enzymes and ligases were purchased from New England Biolabs and
used according to the manufacturer’s instructions.

The expression and purification of MBP fusion proteins was carried out ac-
cording to protocols recommended by the manufacturer (NEB) with some mod-
ifications. Briefly, for BL21 with the recombinant plasmids designed to express
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TABLE 2. Constructs and primers used for making C-terminal fusions with MalE in pMAL-p2

PCR product

Plasmid Fusion protein® PCR primer (sequence [5'-3'])° size (bp)
pAB206 MBP-CfaB,, -, CfaBXbaF 467
(GCTCTAGAGTAGAGAAAAATATTACTGTAACAGG)
CfaBHindR
(CGCCCCAAGCTTTCATCAGGATCCCAAAGTCATTACAAG)
pPAB202 MBP-CfaE,; 5, CfaEnEcoF (GGAATTCGCAGATAAAAATCCCGGAAGTGAA) 585
CfaEnXbaR
(GCTCTAGATCAGAACTGTGGTAACCATATCTGAAT)
pAB201 MBP-CfaE,, 34 CfaEcEcoF (GGAATTCAAAAGTAACGCTCGTGTCGATCTT) 468
CfaEcXbaR
(GCTCTAGATCACTAGAGTGTTTGACTACTTGGTGT)
pRALl MBP-CsbD 9514 DMalBamF 614

(GTACTGGATCCGGGCGATACCCGGAAACTACA)

DMalHindR

(GTACATAAGCTTCTAAAACCCTGGAAGCCATACCTG)

¢ The subscript amino acid residue span of the corresponding protein is numbered with respect to the full-length protein.
® Primers were used for the generation of pMAL-p2 insertion fragments. Flanking restriction enzyme sites introduced for cloning are underlined.

MBP-CfaE,;,,; (pAB202) and MBP-CfaB,,_,;, (PAB206), bacteria were grown
in Luria-Bertani broth at 37°C to a cell density of 0.5 A4y, and fusion protein
expression was then induced for 2 h after the addition of 0.3 mM isopropyl-p-
p-thiogalactopyranoside (IPTG). Cells were harvested by centrifugation, and
periplasmic contents were released by cold osmotic shock. The osmotic shock
fluid supernatants were loaded on an amylose affinity column. After washing of
unbound proteins, MBP fusion products were eluted with 10 mM maltose. For
BL21(pRA1) and BL21(pAB201), the MBP-CsbD,_,,, and MBP-CfaE,,5 30
constructs, respectively, bacteria were grown in rich broth. For BL21(pRA1),
induction was carried out at 37°C for 2.5 h. BL21(pAB201) was induced at 16°C
for 16 h. Cells were harvested by centrifugation, suspended in column buffer, and
frozen at —20°C overnight. After thawing and the addition of 1 mM phenyl-
methylsulfonyl fluoride (Sigma Chemical), cells were lysed by one cycle of mi-
crofluidization (model 1109 apparatus; Microfluidic Corp., Newton, Mass.). The
soluble fraction was subjected to amylose affinity chromatography as described
above. To ascertain protein mass and relative purity, eluted fusion protein frac-
tions were analyzed by one-dimensional sodium dodecyl sulfate-polyacrylamide
gel electrophoresis in a Hoefer mighty small IT mini-vertical unit. Fusion protein
fractions were pooled, and the protein concentration was estimated by the
Bio-Rad protein assay (Hercules, Calif.) and adjusted to a final concentration of
1 mg/ml for antibody generation.

Purification of ETEC fimbriae. CFA/I and CS17 fimbriae were purified as
previously described (16, 17). Briefly, bacteria were harvested from CFA plates
or CFA plates with bile salt into phosphate-buffered saline (PBS) and heated to
60°C to extract heat-soluble proteins, which were then precipitated with 40%
(CFA/T) or 20% (CS17) ammonium sulfate. Purified fimbriae were dialyzed
overnight against PBS.

Antibody production. Rabbit polyclonal antibody preparations were pre-
pared against MBP-CfaB,, 7o, MBP-CfaE,; ,;;, MBP-CfaE,, 35, and MBP-
CsbD,g_»;4 and against native CFA/I and CS17 fimbriae. Rabbit immunizations
and antiserum collection were performed by Harlan Bioproducts for Science,
Inc. (Indianapolis, Ind.). Purified immunoglobulin G (IgG) was derived from
each antiserum by using Hi-Trap protein G columns as directed by the manu-
facturer (Amersham Pharmacia, Piscataway, N.J.). From each of these prepara-
tions, Fab fragments were generated by using the ImmunoPure Fab preparation
kit (Pierce, Rockford, IlL.). Briefly, 10 mg of IgG at a concentration of 20 mg/ml
was digested overnight with papain at 37°C. The samples were washed and
loaded onto an immobilized protein A column, and purified Fab fragments were
eluted and dialyzed against PBS (pH 7.4). The concentration of purified Fab was
determined with the bicinchoninic acid protein assay (Pierce). Each Fab prepa-
ration was brought to a final concentration of 2 mg/ml in PBS by ultrafiltration
with an Amicon Ultra centrifugal concentrator (Millipore, Bedford, Mass.).

MRHA and inhibition. ETEC strains were tested for mannose-resistant hem-
agglutination (MRHA) of human type A, bovine, and chicken erythrocytes based
on previously described methods (6). Human erythrocytes were harvested as
needed from a single volunteer donor, and bovine and chicken erythrocytes were
purchased from Lampire Laboratories (Pipersville, Pa.). Erythrocytes were
stored for up to 2 weeks at 4°C in Alsever’s solution prior to use. Just before each
assay, erythrocytes were washed and suspended in PBS with 0.5% p-mannose to
a final concentration of 3%. Bacteria were grown overnight at 37°C and sus-

pended in PBS with 0.5% D-mannose to a final concentration of about 10
CFU/ml. Equal volumes (25 .l of each) of 3% red cells, bacterial suspension, and
PBS with 0.5% p-mannose were added and mixed in wells on a 12-well ceramic
tile (CoorsTec, Golden, Colo.), rocked on ice for 20 min, graded by visual
inspection, and scored as follows: negative, no MRHA activity; 1+, low, weak
reaction; 2+, moderate reaction; 3+, strong reaction; 4+, nearly instantaneous
and complete reaction involving all of the erythrocytes.

For hemagglutination inhibition (HAI) assays, each bacterial strain was used
at a concentration corresponding to two times the minimal hemagglutination
titer (MHT). The MHT was determined at the start of each HAI assay day by
making serial twofold dilutions of the bacterial suspension (from a starting
concentration of 10! CFU/ml) in PBS. A total of 25 ul of each dilution was
added to equal volumes of 3% erythrocyte suspension and PBS with 0.5%
p-mannose and rocked on ice. The MHT was defined as the reciprocal of the
lowest concentration of bacteria showing at least a 1+ MRHA. To determine the
HALI titer of each Fab antibody preparation, a twofold dilution series was made
starting with the stock antibody solution (2 mg/ml). A 25-pl volume of each Fab
dilution was added to an equal volume of a 2X MHT bacterial suspension in the
ceramic tile wells and preincubated at room temperature with rocking for 20 min.
An equal volume of erythrocyte suspension (3%) was then added to each well,
the tiles were rocked on ice for 20 min, and MRHA was scored as described
above. The HAI titer was expressed as the reciprocal of the highest dilution of
antiserum that completely inhibited MRHA.

Caco-2 adherence assay and inhibition studies. Caco-2 cell adherence assays
were performed as described previously (7, 23) with minor modifications. Briefly,
Caco-2 cells were maintained at 37°C in air supplemented with 5% CO, in
EMEM (Eagle’s minimum essential medium in Earle’s balanced salt solution)
supplemented with 2 mM L-glutamine, 20% fetal bovine serum, 0.1 M nones-
sential amino acids, 1 mM sodium pyruvate, and 1.5 g of sodium bicarbonate/
liter. Cells were seeded in 24-well plates (Costar, Corning, N.Y.), loaded with
tissue culture-treated glass coverslips (Fisher Scientific), incubated for 14 days
(=1 day) to postconfluence, washed with PBS, and covered with 750 pl of the
supplemented EMEM prior to the assay. Bacterial strains were grown on CFA
agar with or without bile salts overnight at 37°C and suspended to 10° bacteria/ml
in supplemented EMEM with 1% p-mannose. The suspension was added to the
tissue culture wells at a final concentration of 2.5 X 10® bacteria/ml. Plates were
incubated, washed, fixed, stained, and mounted as described previously (23) and
then observed microscopically. The number of bacteria adherent to 100 ran-
domly selected cells was counted to give an average number of cells with at least
1 adherent bacterium (adherence index 1), and the number of bacteria per Caco-
2 cell with at least one adherent bacteria was counted (adherence index 2). For
each bacterial strain, a minimum of three experiments was done in duplicate to
determine the adherence indices, expressed as means =+ standard deviations (SD).

For Caco-2 cell adherence inhibition experiments, a 120-ul aliquot of Fab
antibody preparation (2 mg/ml starting concentration) was added to 480 pl of the
bacterial suspension and preincubated at room temperature for 20 min. The
addition of PBS in place of the antibody preparation served as a negative control
in each experiment. A 250-pl aliquot of the bacterium-antibody mixture (2.5 X
10® bacteria/ml) was then added to the tissue culture wells. The cells were
incubated, processed, and analyzed as described above. The level of inhibition
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FIG. 1. Organizational comparison of class 5 fimbrial system operons.
The CFA/I operon that is shown exemplifies the organization of CS1
(cooBACD), CS2 (cotBACD), CS4 (csfBACD), CS17 (csbBACD), CS19
(csdBACD), PCFOT71 (cosBACD), the Cbl pili of B. cepacia (cbIBACD),
and the putative Tcf fimbriae of S. enterica serovar Typhi (tcfABCD) (data
not shown). The CS14 gene cluster is distinguished by the presence of two
highly similar major subunit genes tandemly arranged in the expected
positions (csuAl and csuA2). The hypothetical fimbrial system operon of
Y. pestis features a different gene order and the presence of two chaper-
one-like genes and two major subunit genes. Y. pestis gene numbers are in
reference to the (YPO) genome annotation.

was determined by comparing the primary adherence index with and without the
addition of antibody. For each test bacterium-antibody preparation, a minimum
of three experiments was performed in duplicate.

Statistical methods. For Caco-2 cell adherence inhibition studies, adherence
in the presence of each antibody preparation was compared to that with the
addition of PBS, using a one-tailed Student ¢ test, assuming unequal variance
between samples. For HATI experiments, reciprocal titers between experimental
groups were compared by using the Wilcoxon signed rank test for paired samples
(one-tailed) with XLSTAT data analysis software.

RESULTS

Analysis of fimbrial operons. We determined the nucleotide
sequence of the gene clusters that encode CS4, CS14, CS17,
CS19, and PCFO71 from wild-type diarrhea-associated isolates
of ETEC that tested positive for each respective fimbriae by
monoclonal antibody-based detection (Table 1). The major
subunit alleles of the newly sequenced CS4, CS14, CS17, and
CS19 gene clusters each showed 99 to 100% nucleotide se-
quence identity with corresponding gene sequence(s) previ-
ously deposited in GenBank, with no more than four nucleo-
tide differences per allele. Each locus had four open reading
frames that encoded proteins with homology to the CFA/I class
chaperones, major subunits, ushers, and minor subunits. As
previously reported (13), the one exception was for the CS14
gene cluster, which contained two tandem open reading frames
downstream of the chaperone gene (Fig. 1). Their predicted
protein sequences share 94% amino acid identity with one
another and are both homologous to other class 5 fimbriae
major subunits.

We searched available sequence databases to identify other
fimbrial systems with similarity to the class 5 ETEC fimbriae.
Homologous chromosomal elements were found in Burkhold-
eria cepacia (strain BC7), encoding the well-characterized ca-
ble pilus (29, 41), and in Salmonella enterica serovar Typhi
(strain CT18), encoding the putative Tcf fimbriae (34, 55). In
the Y. pestis genome, another homologous fimbrial operon was
identified (35). It differed from the other fimbrial gene clusters
in the order and number of assembly genes (Fig. 1).

Examination of the inferred amino acid sequences of all
protein homologs involved in class 5 fimbrial biogenesis reveals
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FIG. 2. Unrooted phylogram constructed by the neighbor-joining
method showing the evolutionary relatedness of a concatenated align-
ment of the four proteins encoded by the class 5 fimbrial operons.
Distances represent the mean character differences among the protein
alignments. Abbreviations: BceCbl, B. cepacia Cbl pilus; StyTcf, S.
enterica serovar Typhi Tcf fimbriae.

many basic similarities. Across genera, each set of homologs
generally share similar physicochemical properties in terms of
polypeptide length, mass, and theoretical isoelectric point
(data not shown). All of the involved proteins contain an ami-
no-terminal signal peptide that facilitates translocation to the
periplasm via the type II secretion pathway. None of the major
subunit proteins contain any cysteine residues, whereas the
number and location of six cysteine residues are conserved for
all of the minor subunits except that of the Y. pestis homolog
3802, which contains only four of these six residues.

Phylogenetic analysis of class 5 fimbrial systems. To de-
velop a general representation of the evolutionary relation-
ships among the class 5 fimbrial systems at the protein level, an
optimal multialignment of each ordered string of four requisite
proteins (chaperone-major subunit-usher-minor subunit) was
generated. From this alignment, an unrooted phylogram was
constructed from amino acid distances (mean character differ-
ence) based on the neighbor-joining algorithm (Fig. 2). The
eight ETEC class 5 fimbriae clustered into three subclasses of
three (CFA/IL, CS4, and CS14), four (CS1, PCFO71, CS17, and
CS19), and one (CS2) member(s), which we will refer to as
subclasses 5a, 5b, and 5c, respectively. The cable pilus and Tcf
fimbriae are more distantly related to one another and to the
ETEC fimbrial systems, whereas the Y. pestis fimbrial system is
the most evolutionarily distant member of this class.

To test the hypothesis that the minor subunits are more
highly conserved than the major subunits of class 5 fimbriae,
we constructed distance-based phylogenetic trees of each of
these two structural homolog groupings as well as of the chap-
erone and usher protein homologs. Since here we were pri-
marily interested in ETEC, we confined these analyses to the
eight ETEC class 5 fimbriae. The topology of the trees for each
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of the fimbrial structural proteins and of the accessory proteins
is similar, with bootstrap values supporting the grouping of the
homologs into the 5a and 5b subclasses (Fig. 3). The exception
is the phylogeny for the major subunits (Fig. 3B), where the
longer internal branches have bootstrap confidence values of
86 and 69% for the 5a and 5b subclasses. A comparison of the
major and minor subunit trees (Fig. 3B and D) indicates a
similar level of divergence between the subclasses. For exam-
ple, the divergences between the 5a and 5b major subunit
subclasses are 98.6 * 9.6 and 41.9 = 4.3 at synonymous (dg)
and nonsynonymous (d,) sites, respectively, and 105.1 * 10.3
and 47.0 = 3.6 for the 5a and 5b minor subunit subclasses,
respectively. The comparative distance separating protein taxa
within each subclass, however, is much less among the minor
than the major subunits, as measured by the branch lengths at
the amino acid level and by both dg and d,, at the nucleotide
level. This comparison indicates that the major subunits within
each of these subclasses have diverged at a faster rate (or for
a much longer time) than their minor subunit counterparts. It
is also notable that, for the outer membrane usher proteins
(Fig. 3C), the distance between the internal nodes separating
each subclass is less than that for any of the other proteins and
that intertaxon distances within subclasses of ushers are on the
same order of magnitude as those for the minor subunits. This
suggests that both the ushers and the minor subunits have
evolved at similarly slow rates compared to the major subunits.

The accelerated evolutionary rates of the major subunit
compared with the two downstream genes encoding the ushers
and minor subunits, respectively, may be attributable to marked
differences in the intensity of selection on the different sites (e.g.,
due to stronger functional constraints on the latter two alleles)
or to intraspecies horizontal gene transfers in which the re-
combination event did not affect the major subunit alleles. An
overall measure of the degree of functional constraint is the
ratio of the synonymous to nonsynonymous change which is
expected to be >1 for purifying (negative) selection against
amino acid replacements and <1 for diversifying (positive)
selection favoring amino acid change (18). The d/d,, ratio, mea-
suring divergence within subclasses, reveals that overall the sub-
units encoded by the ETEC class 5 fimbrial gene clusters are
under purifying selection (dg/d, > 1), with the exception of the
5b subclass of the minor subunits. The greatest level of con-
straint is seen for the chaperone subunit (Fig. 3A) (dg/dy > 3),
and the lowest levels are seen for the minor subunits (Fig. 3D).

Although overall evidence indicates negative selection, cer-
tain regions of the molecules could be subjected to positive
selection for amino acid change. To ascertain the changes in
selective constraint for different regions of the molecules, we
calculated the percentage of sites that were polymorphic for
nonsynonymous (p,) and synonymous (pg) for subsets of 30
codons in a sliding window for the length of the fimbrial
operon (Fig. 4). We used the difference, py — ps, as a measure
of the degree of functional constraint, whereby the more neg-
ative the value, the less the contribution of replacement sub-
stitutions and the greater the contribution of synonymous sub-
stitutions. The zero difference line indicates selectively neutral
variation, where the per site rates of synonymous and nonsyn-
onymous substitutions are equal. A positive difference, where
amino acid replacements exceed the silent substitutions, sug-
gests the action of positive selection. The sliding window anal-
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ysis for the 5a subclass reveals that the rate of silent changes
varies three- or fourfold through the gene cluster with a max-
imum level in the major subunit (CfaB). There is a secondary
peak in p, and pg in the minor subunit. This is consistent with
the longer branches of the 5a subclass in the gene tree for the
major and minor subunits in Fig. 3. The 5b subclass shows a
similar peak of divergence in the major subunit and, in con-
trast, an additional strong peak in the chaperone subunits,
reflecting the long internal branches for these subunits in the
gene trees (Fig. 3). Over all eight sequences, py — ps was <0,
except for a few positions where it approaches zero.

The sliding-window analysis suggests that the level of func-
tional constraint on the fimbrial components is generally
strong, as reflected by a p,, — pg of <0, and that it varies both
across the gene clusters and between subclasses. The fact that
the synonymous rate varies substantially across the gene clus-
ters, even for the same subunit between subclasses, supports the
idea that recombination has contributed to sequence divergence.
This is particularly striking, for example, in the chaperone subunit
of the 5b subclass where the divergence between CooB and CosB
and CsbB and CsdB varies dramatically along the length of the
sequence. The genes of these two groups of chaperones are mo-
saics, as detected by Maxchi analysis (50), with a sequence diver-
gence ranging from 4% (bp 1 to 162) to 34% (bp 163 to 612) and
54% (bp 613 to 702) (data not shown).

The McDonald-Kreitman test is a method for detecting se-
lection at the molecular level based on a comparison of syn-
onymous and nonsynonymous (amino acid replacement) vari-
ation within and between species (lineages). Under the neutral
mutation hypothesis, the ratio of synonymous (§) to replace-
ment (R) polymorphisms within species should be the same as the
ratio of synonymous to replacement differences fixed between
species. In application, we tested whether the S/R ratio was sta-
tistically the same for substitutions between alleles within a sub-
class versus differences between subclasses. There is no evidence
for positive selection fixing amino acid replacements between
subclasses relative to the variation between alleles within a sub-
class in three of the four comparisons, where the null hypothesis
for equal ratios cannot be rejected and the neutrality index is near
unity (Table 3). For the minor subunits, however, there is a sig-
nificant difference in the ratio, primarily as a result of the small
number of synonymous substitutions. The small number of syn-
onymous polymorphisms, particularly for the 5b subclass of minor
subunits, is consistent with the idea of a selective sweep reducing
the variation of this subclass.

Characterization of in vitro adherence phenotypes. Type
strains that individually express each of the class 5 ETEC
fimbriae were characterized with respect to erythrocyte adher-
ence by MRHA with type A human, bovine, and chicken eryth-
rocytes. The results (Table 4) confirmed previously reported
findings, with the exception that our results with chicken eryth-
rocyte MRHA differ from those of a previous report with
respect to CS17 and CS19 ETEC (23).

It has previously been reported that ETEC bearing CFA/I,
CS2, CS4, CS14, and CS19 manifest adherence to cultured
Caco-2 cells (15, 58). We performed Caco-2 cell adherence
assays on each of the ETEC type strains bearing the class 5
fimbriae to confirm these findings and quantify the level of
adherence for each strain. The results (Table 4) indicated that,
indeed, the strains bearing CFA/I, CS4, CS14, and CS2 each
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FIG. 3. Phylogenetic trees showing evolutionary relationships of each of the proteins required for biosynthesis of class 5 ETEC fimbriae. Using
the neighbor-joining method, distances represent mean character differences among the aligned proteins. Comparisons of chaperone (A), major
subunit (B), outer membrane usher (C), and minor subunit (D) homologs are shown. In each case, the CS2 (Cot) protein homolog was defined
as the out-group to root the tree. Bootstrap values shown in each tree were calculated by using MEGAZ2 with synonymous sites and the minimum
evolution algorithm. The numbers at the nodes are the percentage of 1000 replicate trees that included each clade. Columns to the right of each
tree show the synonymous (d) and nonsynonymous (d,) differences per 100 sites that are variable among alleles within the ETEC 5a and 5b clades.
Also shown are the ratios of synonymous and nonsynonymous differences (dg/dy).
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FIG. 4. Sliding-window plot of the percentage of substitutions per 100 sites for synonymous (pg) and nonsynonymous (py) sites between
subclasses 5a (A) and 5b (B) and all class 5 ETEC fimbrial operons (C). The difference (py — pg) is a measure of the level of selective constraint
on the different proteins and domains within each protein. The gene names of the first fimbriae shown in each cluster are shown above the
corresponding coding segment.
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TABLE 3. Results of the McDonald-Kreitman test”

No. of

I hi No. of fixed
ETEC fimbrial system component polymorphie sites NI
(protein)” sites
N R N R
Chaperone (CfaA) 121 110 83 85  0.89
Major subunit (CfaB) 120 111 27 31 081
Outer membrane usher (CfaC) 98 97 395 345 113
Minor subunit (CfaE) 53 91 170 195  1.50¢

“ Numbers of synonymous (S) and replacement (R) sites that are polymorphic
within alleles of a subclass or that represent fixed differences between subclasses
for each fimbrial component are shown. Under the neutral mutation theory, the
S/R ratio should be equivalent for polymorphic and fixed sites under strict
neutrality.

® Protein function CFA/I homolog.

¢ NI, neutrality index.

4AG = 4.03; df = 1; P = 0.04 (two-tailed Fisher’s exact test).

showed a moderate to high level of Caco-2 cell adherence
while a lower level of adherence was observed for the CS19-
bearing strain. In contrast, the strains expressing CS1, CS17,
and PCFO71 manifest marginal levels of adherence. Transfor-
mation of the strains bearing subclass 5b fimbriae with a plas-
mid containing the CFA/I positive regulator cfaD was associ-
ated with an increase in Caco-2 cell adherence only for the
CS19-ETEC strain WS0115A (data not shown).

Considering the evolutionary relationships of the class 5
ETEC fimbriae, it can be seen that there are some distinguish-
ing functional characteristics that correlate with their phylog-
eny. Subclass 5a fimbriae are distinct from the others by virtue
of their ability to cause MRHA of human type A erythrocytes
(Table 4). With the exception of the CS19 ETEC, subclass 5b
fimbriae show weak, if any, adherence to cultured Caco-2 cells,
differentiating them from the other two subclasses.

Localization of the binding domain of CFA/I fimbriae. Con-
flicting data have been published regarding which of the com-
ponent subunits of CFA/I and CS1 mediate adherence (5, 44).
We approached this question indirectly by assessing the adher-
ence inhibition activity of antibodies to intact CFA/I fimbriae,
CfaB (major subunit), and the nonoverlapping amino-terminal
(residues 23 to 211) and carboxy-terminal (residues 212 to 360)
halves of CfaE (minor subunit) in two different in vitro adher-
ence models. Rabbit polyclonal antiserum was generated to
each of the subunit constituents in the form of MBP fusions
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from which purified IgG Fab preparations were produced. Fab
fractions were selected for evaluation to avoid a potential non-
specific agglutinating effect of bivalent IgG preparations on
bacterial suspensions.

Each of these four antibody preparations was assessed for
the ability to inhibit the adherence of strain H10407 (CFA/I) in
MRHA and Caco-2 cell adherence assays. The highest human
A erythrocyte HAI activity was observed with Fab specific for
CfaE,;,,, while CfaB antibodies manifested a much lower
level of HAI activity (Fig. 5A). No HAI activity was detectable
with Fab antibodies against CFA/I or CfaE,,, 54, Consistent
findings were observed in Caco-2 cell adherence inhibition
assays, in that the highest inhibitory activity was attributable to
anti-CfaE,; ,,, Fab fractions (Fig. 5B). In this assay, anti-
CFA/I Fab antibodies showed a lower level of inhibition and
preparations specific for CfaB and CfaE,,, 54, showed no de-
tectable effect. Taken together, these findings suggest that the
most important domain for CFA/I adherence resides in the
amino-terminal half of CfaE.

Heterologous inhibitory effects of antibodies to the CFA/I
and CS17 minor subunit N-terminal domain. The experiments
described above provide corroborative evidence that the minor
subunits of CFA/I and other class 5 fimbriae are the receptor
binding moiety (44). Since we also observed low levels of se-
quence divergence of the minor subunits within fimbrial sub-
classes 5a and 5b, we speculated that these evolutionary rela-
tionships would correlate with cross-reactivity of antibodies
against the amino-terminal half of minor subunits representing
each of these two subclasses. To test this hypothesis, we as-
sessed the inhibitory effect of anti-CfaE,; ,,,; Fab on the ad-
herence of wild-type strains expressing heterologous class 5
fimbriae. Consistent with our predictions, anti-CfaE,; ,,, in-
hibited bovine MRHA of CS4-ETEC and CS14-ETEC (Fig.
6A). In comparison, anti-CFA/I Fab antibodies inhibited bo-
vine MRHA of CFA/I-ETEC to a lesser degree than the anti-
CfaE,;,,, while failing to inhibit MRHA of ETEC bearing
CS4 or CS14. Identical results were obtained with human
erythrocytes, except that anti-CFA/I Fab failed to display CFA/
I-ETEC HALI (data not shown). Neither antibody preparation
inhibited bovine MRHA of ETEC bearing heterologous CFs
of the other two subclasses (data not shown).

These findings were corroborated by measuring the inhibi-

TABLE 4. In vitro adherence phenotypes of ETEC type strains bearing CFA/I and related class 5 fimbriae

MRHA score for erythrocyte type

Result for Caco-2 cell adherence

Strain CF type index:
Human type A Bovine Chicken 1P 2¢
H10407 CFA/T 4+ 4+ 3+ 543154 142 £2.7
WS2560B CS4 2+ 2+ 1+ 26.7 =7.0 29+ 1.6
WS3294A CS14 2+ 3+ 3+ 63.3+58 82=+24
WS1974A CS1 —4 3+ - 12.7 £ 8.6 2111
WS2173A PCFO71 - 4+ 2+ 12.7 £ 6.2 1.8 0.6
WS6788A CS17 - 4+ - 10.0 = 2.6 1.1+02
WSO0115A CS19 - 4+ 2+ 19.3 = 6.0 1.8+0.8
Co1f CS2 - 3+ 3+ 69.3 = 4.7 151 =47

“ Represents the mean of the results from at least three experiments, each done in duplicate.
? Mean proportion of Caco-2 cells with at least one adherent bacterium (+SD).
¢ Mean number of adherent bacteria per Caco-2 cell with at least one adherent bacterium (=SD).

4 — negative.
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FIG. 5. Inhibitory effects of different Fab antibody preparations on
adherence of strain H10407 (CFA/I) in two in vitro adherence models.
(A) Median reciprocal HAI titers of Fab antibodies specific for MBP,
CFA/I, CfaB, CfaE,; ,;, (denoted as CfaEy), and CfaE,,, 34, (denoted
as CfaE) plotted on a log, scale. Values below a reciprocal of 2 (limit
of detection) were arbitrarily plotted as 1.05 for graphing purposes.
(B) Mean Caco-2 cell adherence index (percentage of Caco-2 cells
with at least 1 adherent bacterium *= SD) of H10407 after preincuba-
tion of bacteria with Fab antibodies with the same specificities. All
preparations were tested in at least three experiments, each done in
duplicate (panels A and B). «, anti.

tory effects of each Fab preparation in the Caco-2 cell adher-
ence assay. Anti-CfaE,; ,,, antibodies inhibited the adherence
of CS4-ETEC and CS14-ETEC when compared to the adher-
ence level when bacteria were preincubated with PBS (Fig. 7)
or with anti-MBP antibodies (data not shown). The diminished
adherence of CS14-ETEC did not, however, achieve statistical
significance. At the same concentration, anti-CFA/I antibodies
inhibited the Caco-2 cell adherence of H10407 (CFA/),
though to a significantly lesser degree than did anti-CfaE,; 5,
Fab. Anti-CFA/I Fab did not, however, inhibit the binding of
ETEC bearing heterologous CFs of the same (Fig. 7) or dif-
ferent subclasses (data not shown).
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FIG. 6. Median reciprocal bovine HAI titers (plotted on a log,
scale) of Fab antibody preparations against whole fimbriae or the
amino-terminal domain of the minor fimbrial subunit of CFA/I
(A) and CS17 (B) for ETEC type strains expressing the colonization
factor indicated along the x axis. Results represent the median of the
results from at least four experiments, each performed in duplicate. P
values are for the differences in HAI titers between the whole fimbriae
and minor subunit antibody preparations. «, anti.

To strengthen these findings further, we produced antibod-
ies to the amino-terminal half of the CS17 (subclass 5b) minor
subunit CsbD and assessed its inhibitory activity along with
that of anti-CS17 fimbrial antibodies in the MRHA and Caco-2
tissue culture cell model systems. Both anti-CS17 and anti-
CsbD, .4 Fab antibodies exhibited bovine erythrocyte HAI
activity for ETEC bearing CS17, with the HAI titer of anti-
CsbD,y.,,4 being significantly higher (Fig. 6B). Distinct from
the anti-CS17 Fab antibodies, the anti-CsbD,,_,;, Fab fraction
also manifested significant HAI activity for ETEC bearing
each of the other subclass Sb fimbriae. Notably, the intrasu-
belass CF heterologous HAI activity of anti-CsbD,4_,,, anti-
bodies was closer in magnitude to its CS17-ETEC HALI activity
than for the comparable effects of anti-CfaE,;,,; antibodies.
This finding was anticipated, given the higher degree of iden-
tity of the minor subunits within subclass 5b. Neither prepara-
tion inhibited bovine MRHA of ETEC bearing CFs of the
other two subclasses (data not shown).

In the Caco-2 cell adherence assay, we assessed the inhibi-
tory effects of the same antibody preparations for CS19-ETEC,
the only subclass 5b fimbriae that appears to specifically adhere
to Caco-2 cells. Here too we found that anti-CsbD, 4 5,4, but
not anti-CS17, antibodies showed significant inhibition of
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FIG. 7. Inhibitory effects of Fab antibodies against intact fimbriae
and the N-terminal half of the minor subunit of CFA/I (white bar
graphs) and CS17 (black bar graph) in Caco-2 cell adherence assays
with ETEC bearing homologous (CFA/I only, upper left panel) and
heterologous fimbriae. The strain used in the experiments is shown
above each graph. The y axes indicate the Caco-2 cell adherence index
(percentage of Caco-2 cells with at least one adherent bacteria). Re-
sults represent the means (£SD) of the results from at least three
experiments, each performed in duplicate. P values are for the differ-
ences between the negative control (PBS) and the indicated antibody
preparation. «, anti.

CS19-ETEC adherence (Fig. 7). Neither preparation inhibited
Caco-2 cell adherence of ETEC expressing representative sub-
class 5a or 5c fimbriae (data not shown).

DISCUSSION

Since its discovery nearly 30 years ago (9), CFA/I has come
to be recognized as the archetype of the largest class of ETEC
fimbriae (13, 14). Though all are serologically distinct, each of
these so-called class 5 fimbriae is assembled by a similar path-
way and shares the functional attribute of mediating human
intestinal adhesion. In the present study, we have identified
fimbrial systems in two other gram-negative pathogens, which
join the cable pilus system of B. cepacia as class 5 fimbriae
distantly related to these ETEC fimbriae. In a detailed exam-
ination of the evolutionary relationships of the eight ETEC
class 5 fimbriae, greater conservation was observed for the
minor fimbrial subunits than for the major fimbrial subunits.
Our analyses suggest that horizontal gene transfer has contrib-
uted to this pattern of conservation. Of practical importance,
we found that antibodies to the amino-terminal half of two
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different minor subunits inhibit the in vitro adherence of bac-
teria that express homologous fimbriae as well as those ex-
pressing closely related heterologous fimbriae. The latter find-
ings corroborate the report of Sakellaris et al., implicating the
minor subunit of this class as the adhesive fimbrial component
(44), and have potential ramifications for ETEC vaccine de-
velopment.

Though our main focus was on the class 5 ETEC fimbriae, it
is noteworthy that the genetic determinants of similar fimbrial
systems are found not only in B. cepacia but also in S. enterica
serovar Typhi and Y. pestis. The latter two fimbrial systems
have been revealed by genome sequence analysis (34, 35, 55),
and their expression and function have yet to be evaluated.
Cable pili of B. cepacia are thought to play an auxiliary role in
adherence to matrix proteins of the respiratory epithelium (42,
43), a role akin to that of its more distant ETEC relatives.

The eight class 5 fimbriae of ETEC are distinguishable by
serologic methods, and monoclonal antibodies generated
against unique epitopes of most of these have been exploited
for diagnostic purposes (26, 27, 57). The major fimbrial subunit
comprises the primary antigenic determinant of these fimbriae,
and our finding that this correlates with the pattern of evolu-
tionary divergence of their primary amino acid sequence builds
upon previously published observations (13). Despite consid-
erable divergence of their exposed surfaces, each has appar-
ently preserved the ability to adhere to intestinal epithelial
cells, thereby maintaining its fitness for attachment, survival,
and replication upon entry into the human small intestine. This
feature, along with published data indicating that the minor
subunits are the actual adhesin, prompted a detailed phyloge-
netic and functional analysis centered on this component.

Our finding that the minor subunits of class 5 ETEC fim-
briae, at least within each of two defined subclasses, are much
less divergent than their counterpart major subunits may in
part reflect the imposition of constraints that promote the
preservation of epithelial binding capacity or the recent origin
and spread of new alleles. The latter condition is most likely
the case for the 5b subclass, in which the sequences are very
similar, with mutations of only ca. 0.1% of the synonymous
sites. We know little about the details of the binding epitope of
any one of the class 5 ETEC fimbriae other than data pre-
sented here and elsewhere that indicate localization to the
amino-terminal half of the minor subunit (44). One may expect
this constraint to impose the greatest penalties for maladaptive
mutations in the amino acid residues either directly or indi-
rectly involved in receptor binding, but we found that the
pattern of conservation involves much of the entire minor
subunit sequence. This appears to be explained by horizontal
gene transfer events within the two subclasses studied, with a
crossover between the major subunit and usher genes, the
result of which is the sharing of more recent progenitors of the
adhesin gene between fimbrial operons than for the corre-
sponding major subunits. Thus, our working hypothesis is that
the near identity of sequences of the 5b subclass is a conse-
quence of the recent spread and recombination of an adaptive
variant of the minor adhesive subunit. The spread of this adap-
tive variant resulted in a selective sweep and loss of existing
variation in this part of the gene cluster.

The findings of greatest practical importance derive from
adherence inhibition studies with antibodies against native fim-
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briae and specific fimbrial component protein domains. A few
issues deserve mention that bear on interpretation of the rel-
ative effects of anti-fimbrial and anti-minor subunit antibodies.
First, we have simply presented the data on the inhibitory
activity of Fab antibody fractions, eliminating the impact of
nonspecific effects that may be attributable to the bulkiness or
bivalence of intact IgG molecules. In most experiments, how-
ever, the counterpart IgG fraction of each antiserum prepara-
tion was run side-by-side, with the results of which consistently
indicating the superiority of anti-minor subunit antibodies with
respect to adherence inhibition (data not shown). Second, the
anti-subunit antibodies were generated against MBP fusions
with each domain of interest. Since these fusions tended to
form high molecular aggregates (data not shown) and the
carrier itself is highly immunogenic, the antibody response to
each passenger protein may have been negatively affected. This
would, however, have tended to bias our results to the null in
terms of inhibitory effects of antibodies to the passenger sub-
unit components. More specifically, the relative enzyme-linked
immunosorbent assay titers in each preparation fit best with
the interpretation that anti-CfaE,;,,, antibodies inhibit in
vitro adhesion. Anti-CFA/I (largely composed of polymeric
CfaB) titers were 50-fold higher in the CFA/I antiserum than
in the MBP-CfaE,; ,;; antiserum, whereas anti-CfaE titers
were 10-fold higher in the MBP-CfaE,, ,,, antiserum than in
the CFA/I-specific antiserum (data not shown).

The results of in vitro adherence inhibition experiments
indirectly support a role for the minor subunits of CFA/I and
CS17, more specifically the amino-terminal halves of these
proteins, as the actual adhesins. The consistency of findings
between HAI and Caco-2 cell adherence inhibition adds to the
credibility of this conclusion. The demonstration that antibod-
ies against CfaE,; ,,; and CsbD,q_,,, also inhibit the adher-
ence of bacteria expressing heterologous fimbriae of the same
subclass provides a functional correlate of their evolutionary
linkage. CsbD,,.,,, antibodies showed greater heterologous
inhibitory effects within subclass 5b than do CfaE,;,,, anti-
bodies within subclass 5a, reflecting the relative degrees of
conservation of the subclass member minor subunits. The fim-
brial subclass 5b minor subunits, in fact, share no less than 97%
amino acid identity between any two members, compared with
=80% for subclass 5a minor subunits. On the other hand, it
seems somewhat incongruous that there is less variability of in
vitro adherence phenotypes of subclass 5a and 5b fimbriae.
CFA/I, CS4, and CS14 (subclass 5a) all have the same in vitro
adherence phenotypes, whereas only two (CS19 and PCFO71)
of four subclass S5b fimbriae hemagglutinate chicken erythro-
cytes and only one (CS19) exhibits appreciable adherence to
Caco-2 cells. This suggests that the small number of variant
residues of the subclass 5b minor subunits includes one or
more localized to the binding domain that account for these
minor phenotypic differences.

Besides providing an evolutionary framework for under-
standing the conserved functional characteristics of class 5
ETEC fimbriae, our results suggest a refinement of current
strategies for the development of an ETEC vaccine. There are
several approaches being pursued by various groups, including
a whole-cell killed ETEC vaccine (48), live vaccines consisting
of attenuated ETEC or Shigella that express ETEC antigens (3,
56), and purified subunit vaccines (22). Common to each of
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these strategies is the incorporation of a mixture of intact
fimbriae as primary antigenic components. Our data suggest
that immunization with the adhesive subunits of class 5 fim-
briae and perhaps other ETEC colonization factors may pro-
vide superior antiadhesive immunity. An additional advantage
suggested by the functional cross-reactivity of minor subunit
antibodies is that fewer antigens may be required to elicit
immunity to ETEC expressing a wider array of related fim-
briae. The large number of antigenically distinct adhesive fim-
briae implicated in the pathogenesis of ETEC diarrhea war-
rants further investigation of such an approach.
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