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CFA/I fimbriae on human enterotoxigenic Escherichia coli are composed of the CfaB protein, the product of
the second gene of the CFA/I operon. We show here that CfaB is expressed at a higher level than other proteins
of the CFA/I operon. mRNA encoding the CfaB protein is much more abundant than mRNA encoding CfaA,
the first protein, together with CfaB or mRNA encoding CfaA only. Only one promoter, upstream of cfaA, is
present. These data indicate that a primary transcript containing cfaA and cfaB is processed into a cfaA-specific
mRNA and a cfaB-specific mRNA. The cfaA mRNA is unstable, while the cfaB mRNA is stable and therefore
accumulates in CFA/I-producing E. coli. The cfaB mRNA is probably stabilized by a stem-loop structure
downstream of the cfaB gene. No distinct mRNA fragments could be detected encoding the other two proteins,
CfaC and CfaE, of the CFA/I operon. These results indicate that cfaC-and cfaE-specific mRNAs degrade very
rapidly and/or are produced in small amounts.

Enterotoxigenic Escherichia coli (ETEC) strains are an
important cause of travellers' diarrhea and of endemic diar-
rhea in infants in developing countries (23). ETEC strains
colonize the small intestine with the aid of adhesion factors,
after which they cause diarrhea by producing enterotoxins. The
adhesion factors are often fimbriae. A single fimbria is a long,
threadlike proteinaceous structure composed of hundreds of
identical subunits.
On human ETEC strains, several serologically different

variants of fimbriae are known (i.e., CFA/I, CFA/III, CS1, CS2,
CS3, CS4, CS5, and CS6; see reference 17). In strain E7473/0,
the genes coding for the proteins needed for expression of the
CFA/I fimbriae are located on the same plasmid that encodes
the enterotoxin ST (9, 28). On this CFA/I-ST plasmid
(NTP113), two regions, separated by about 40 kb, are needed
for production of CFA/I fimbriae (29). These regions (regions
1 and 2), when cloned separately on compatible vectors,
complement each other, resulting in CFA/I production by the
E. coli K-12 host (33).

Region 1 contains four open reading frames needed for
CFA/I production, designated cfaA, cfaB, cfaC, and cfaE (14).
The cfaB gene encodes the subunit protein, whereas the
function of the cfaC and cfaE gene products is unknown. The
cfaA gene product is very homologous with the CooB protein
(also designated CsoB [13]), and since CooB is needed for
assembly of CSI fimbriae (27), the CfaA protein is probably
also needed for assembly of fimbriae. Region 2 contains one
open reading frame designated cfaD (or cfaR [4]), which is
needed for CFA/I production (25). The cfaD gene encodes a
protein which is a member of the AraC family of positive
regulators. The function of the CfaD protein is to overcome
the repression mediated by histone-like protein H-NS at the
promoter in front of the cfaA gene in CFA/I region 1 (12).
The subunit protein CfaB is much more abundant than other

gene products of region I in an in vitro transcription-transla-
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tion assay. Here, we demonstrate that this differential expres-
sion of genes from CFA/I region 1 is probably regulated by
differential stability of mRNA fragments of this region.

Several processes regulate the stability and degradation of
mRNA in bacteria: in E. coli, two 3' to 5' exoribonucleases,
PNPase and RNase 11 (6, 7), degrade mRNA by removing
ribonucleotides one by one from the 3' end of the transcripts;
no 5' to 3' exonucleolytic activity is known. Processing of
transcripts by site-specific endoribonucleases produces new 3'
ends which are susceptible to degradation by 3' to 5' exoribo-
nucleases (3). Stem-loop structures are believed to block 3' to
5' exoribonucleases, resulting in the stabilization of upstream
mRNA (3).
The role of the processes described above in the differential

stability of mRNA fragments of CFA/I region 1 is discussed.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strain BL321 is an RNase
IIT-negative (rnc-105) E. coli strain, and strain BL322 is its
RNase ITT-positive isogen (31). E. coli N3431 contains a
temperature-sensitive mutation (rne-3071), making it RNase E
deficient at 44°C; strain N3433 is its wild-type isogen (1). E. coli
NHY312 is a derivative of strain NHY322 containing a tem-
perature-sensitive mutation (rnpA49) in the gene coding for
protein C5 of the holoenzyme RNase P (16). E. coli HMG11
(10) was used as a host in the P-galactosidase assays. E. coli
E7473/0 (28) was used as a CFA/V-producing strain.

Plasmids NTP513 (a pACYC184 derivative containing
CFA/I region 1 [33]), plVB3-105 (a pACYC184 derivative
containing cfaD [25]), plVB3-100 (a Bluescript M13+ deriva-
tive containing cfaD [25]), and pIVB3-710 (a pCB267 deriva-
tive containing the promoter of the cfaA gene cloned in front
of lacZ [12]) have been described previously. Plasmid plVB3-
529, a derivative of plasmid pCB267 (26), was constructed by
digesting and ligating a polymerase chain reaction (PCR)
product of 260 bp (see oligonucleotides BI and B2 in Fig. 5) in
the BamHl and Sall sites of the vector.

Bacteria used for isolation of RNA were grown in CFA
medium (8) and harvested at an optical density at 600 nm of
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FIG. 1. CFA/I region 1. The cfaA-, cfaB-, cfaC-, and cfaE-specific probes are indicated (A, B, C, and E, respectively). Restriction sites defining
the ends of these probes and the ends of the DNA fragment used in the in vitro transcription-translation assay are shown. Bg, BglII; E, EcoRI;
H, HindIII; V, EcoRV; X, XbaI.

0.2. Bacteria used for the 3-galactosidase assays were grown in
CFA medium. In all other experiments, bacteria were grown in
Terrific broth (32). Ampicillin (50 ug/ml) and chloramphenicol
(25 jig/ml) were used for selection of plasmid-containing
strains.
Recombinant DNA techniques. Plasmid isolation, nucleotide

sequence determination, labelling of DNA fragments, and
ligations were carried out by standard methods (24). Restric-
tion enzyme fragments were isolated using the Gene Clean kit
(Bio 101, Inc., La Jolla, Calif.). Transformation of E. coli
strains was performed by electroporation with the Gene Pulser
(Bio-Rad Laboratories, Richmond, Calif.) according to the
manufacturer's directions.

In vitro transcription-translation. To detect proteins en-
coded by specific DNA fragments, the prokaryotic DNA-
directed translation kit (Amersham International, Amersham,
England) was used according to the manufacturer's directions.

Northern (RNA) blots. RNA was isolated by using the
RNAzol kit (CAMPRO Scientific, Elst, The Netherlands)
according to the manufacturer's directions. Electrophoresis of
40 jig of RNA was performed using formaldehyde-agarose gels
as described previously (18). RNA marker (Boehringer
Mannheim, Mannheim, Germany) was loaded on the gel as a
molecular weight marker. RNA was blotted onto N-hybond
membrane (Amersham International) with VacuGene (Phar-
macia LKB Biotechnology, Uppsala, Sweden) according to the
manufacturer's directions. Hybridizations were performed
overnight at 42°C in 50% formamide-5 x Denhardt's solution-
0.1% sodium dodecyl sulfate (SDS)-5 x SSPE (1 x SSPE is
0.01 M sodium phosphate [pH 7.0], 0.18 M NaCl, and 0.001 M
EDTA) containing denatured herring sperm DNA (100 jig/
ml). Washings were done in 1 x SSPE-0.1% SDS at 42°C.
Probes were removed from the filter by washing in 50%
formamide-0.1 x SSPE-0.05% SDS at 80°C, and the removal
of the probe was checked by exposing the filter to a film. In
order to visualize the RNA marker, filters were finally hybrid-
ized with radioactive cDNA of the RNA marker, washed, and
exposed to a new film. Radioactive cDNA was made with
random primers in the presence of [x-32P]ATP by using
SuperScript RNase H - reverse transcriptase (BRL Life Tech-
nologies, Inc., Gaithersburg, Md.).

Primer extension on mRNA. Primer extension experiments
were performed as previously described (22).

,-Galactosidase assay. E. coli MC1029 containing plasmid
pIVB3-529 with or without pIVB3-105 or plasmid pIVB3-710
and pIVB3-105 was grown overnight at 37°C, washed, and
resuspended in phosphate-buffered saline. Samples containing
50 jig of protein per ml were used for the 3-galactosidase assay
with o-nitrophenyl-3-D-galactopyranoside as a substrate. In
order to assay the f-galactosidase activity, the development of
color (420 nm) was measured at 2, 4, 6, and 8 min after the

addition of the substrate. Reactions were stopped by adding l
1/2 volumes of 1 M Na2CO3. Each value given represents the
average activity obtained from two independent experiments.
PCR techniques. PCRs were performed in 100 jl of 50 mM

KCl-10 mM Tris (pH 8.5)-l.5 mM MgCl2-O.l% Triton X-100-
200 jiM each deoxynucleoside triphosphate-5 U of Taq poly-
merase, 100 pmol of each primer, and 20 ng of the template.
Thirty-five cycles were run, with each cycle consisting of 1 min
at 950C, 2 min at 55°C, and 3 min at 72°C.

RESULTS

Detection of proteins encoded by CFA/I region 1. A 6.2-kb
EcoRV restriction DNA fragment of CFA/I region 1 (Fig. 1,
restriction sites) was used as a template in a transcription-
translation assay. The product of the cfaB gene is produced in
larger amounts than other gene products of CFA/I region 1
(Fig. 2). The 39-kDa protein is probably the product of the
cfaE gene, whereas the 10-kDa protein has to be a degradation
product of a larger protein. In order to investigate how this
differential expression of genes in region I is regulated, we
analyzed the different CFA/I region 1-specific mRNAs.

Analysis of CFA/I region 1-specific mRNAs. RNA was
isolated from the CFA/I-producing clinical isolate E7473/0.
Northern blots of this RNA were hybridized with cfaA-, cfaB-,
cfaC-, and cfaE-specific probes. The locations of the probes
used are shown in Fig. 1.
RNA fragments of 0.7 and 1.4 kb hybridized with a cJaA-

specific probe (Fig. 3A); however, the mRNA of 0.7 kb
hybridized very poorly. The probe was removed from the blot,
and the same blot was hybridized with a cfaB-specific probe. In
Fig. 3B, it is shown that an mRNA of 0.7 kb hybridized very
strongly and an mRNA of 1.4 kb hybridized weakly with this
probe. The 0.7-kb mRNA hybridizing with the cfaA-specific
probe will here be designated cfaA RNA, and the 0.7-kb
mRNA hybridizing with the cfaB-specific probe cfaB RNA.
The 1.4-kb transcript hybridizing with both probes will be
referred to as cfaAB RNA.
A Northern blot with RNA of the CFA/I-producing strain

E7473/0 was also hybridized with a cfaC-specific probe and a
cfaE-specific probe. No distinct bands reacted with either one
of the probes. Faint reactions were seen with both probes.
However, these results were not completely reproducible with
samples of different isolations of RNA (data not shown).
Mapping of the 5' end of the cfaB RNA by primer extension.

RNA of CFA/I-producing strain E7473/0 was used to define
the precise 5' end of the cfaB RNA. cDNA synthesis was
performed with primer PEB (see Fig. 5). The result of this
primer extension experiment is shown in Fig. 4 (lanes 1 and 2).
Either nucleotide 1486 or 1487 is the 5' end of this RNA, which
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FIG. 2. In vitro expression of CFAII region 1. Autoradiograph of
proteins separated by SDS-polyacrylamide gel electrophoresis. Pro-
teins were produced in an in vitro transcription-translation assay
containing a 6.2-kb EcoRV restriction DNA fragment (see Fig. 1) of
CFAII region 1 as a template. An experiment in which no DNA
template was added is shown as a negative control. The sizes of the
molecular mass markers are indicated in kilodaltons.

indicates that the 5' end of the efaB RNA is within the
sequence of the cfaA4 gene (Fig. 5).
There is no promoter activity directly upstream of the 5' end

of the cfaB RNA. A 260-bp fragment containing the DNA
upstream of the 5' end of the cfaB RNA was generated by
PCR, using oligonucleotides Bi1 and B2 (Fig. 5). A BamHl and
a Sail restriction endonuclease site were introduced at the 5'
end of oligonucleotides Bi and B2, respectively. The PCR
fragment was digested with BamHl and Sail and ligated in
front of the promoterless lacZ gene, resulting in plasmid
plVB3-529. The nucleotide sequence of the insert was deter-
mined.
Two deletions compared with the sequence published pre-

viously (11) were present in the construct plVB3-529. The
nucleotide sequence of the original DNA was rechecked and
was shown to contain the same deletions. The sequence in the
GenBank data base under the accession number M55661 has
been corrected according to these findings.
No significant P-galactosidase activity was observed in a

strain containing the plasmid pIVB3-529 (Fig. 6, +). The
introduction of pIVB3-105, encoding the positive regulator
CfaD of CFAII region 2, did not elevate this activity (Fig. 6,
A). A strain containing construct plVB3-710, the promoter
upstream of cfaA cloned in front of lacZ (12), and plVB3-105,
encoding CfaD (25), was used as a positive control (Fig. 6, 0).
These results indicate that the cfaB RNA is generated by

processing of the cfaA4B RNA.
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FIG. 3. Autoradiograph of a Northern blot hybridized with a

cfaA-specific probe (A) or a cfaB-specific probe (B). RNA was isolated
from the CFA/I-producing clinical isolate E7473/0 and from an E. coli
K-12 strain as a negative control. The size of the RNA standards used
is indicated in kilobases.

RNA processing of the cfaAB RNA by defined RNA endori-
bonucleases. Both CFAII region 1 (plasmid NTP513 [33]) and
CFA/I region 2 (plasmid pIVB3-100 [25]) were introduced into
RNase E-, RNase P-, and RNase III-deficient strains and their
respective wild-type isogens.
The RNase III mutant strain BL321 (31) and its wild-type

isogen BL322 containing both region 1 and region 2 did
produce cfaB-specific mRNA. No accumulation of the cfaAB
RNA could be observed with either a cfaB-specific probe or a
cfaA-specific probe (data not shown). This indicates that
RNase III is not involved in the processing of the cfaAB
transcripts.

In contrast to RNase III mutant strains, RNase E and
RNase P mutant strains have severe growth deficiencies. Strain
N3431 contains the temperature-sensitive mutation rne-3071
(1). At 44°C, this strain is RNase E-deficient and thereby
unable to grow. Strain N3431 and its wild-type isogen, N3433,
harboring both region 1 and region 2 were grown at 42 and
37°C. Both strain N3431 and N3433, containing the appropri-
ate plasmids, produced cfaB RNA at 37 and 42°C. No cfaAB
transcripts could be detected in strain N3431 at 42°C with a
cfaB- or a cfaA-specific probe (data not shown), indicating that
RNase E is probably not involved in the processing of cfaAB
RNA. We cannot rule out the possibility that the small amount
of RNase E present in strain N3431 grown at 42°C is process-
ing the cfaAB transcripts in these experiments.

Similar experiments were performed with the RNase P-
deficient strain NHY312 and its wild-type isogen, NHY322
(16). No accumulation of cfaAB RNA could be observed in the
RNase P mutant.

DISCUSSION

We demonstrate here that the amount of the different
mRNA fragments of CFA/I region 1 involves processing of
RNA and differential decay of the processed RNAs. The
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ATGATAACTGTGTAAAAAAAGCGTATAACAAGAATATATATCCAGAAAAGTCATTTGATACGCTGGTTAA
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cfaA
TAACAATTTTTCTTATGTTTTCATTAAATTAAACCATGAAGGCATAGAAAAAGAGCAAGGGCTAATACAA
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cfaA > S-D cfaB
TTAAAGGTTCCTTGAttactcatctatatactaa5gga9ttctaATGAAATTTAAAAAAACTATTGGTGCA
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FIG. 4. Primer extension analysis of RNA isolated from the CFA/
I-producing clinical isolate E7473/0. End-labelled primer PEB (see
Fig. 5) was used to prime cDNA synthesis. Products were analyzed on
a 4.5% polyacrylamide sequencing gel together with the products of a
dideoxy sequencing reaction with end-labelled primer PEB, with
plasmid NTP513 (CFA/I region 1) as a template. Lanes: 1 and 2,
primer extension with 200 and 20 ng, respectively, of primer PEB.

primary cfaAB transcript is processed into a stable cfaB mRNA
and an unstable cfaA mRNA. The stability of the cfaB RNA is
consistent with the presence of a stem-loop structure directly
downstream of the cfaB gene (Fig. 5). Stem-loop structures are
known to stabilize upstream RNA by blocking the activity of
PNPase and RNase II, the two 3' to 5' exoribonucleases in E.
coli (3). A schematic model of the processing of cfaAB RNA is
given in Fig. 7. Since no distinct cfaC- or cfaE-specific RNA
can be detected, the mRNAs of these genes are probably
degraded very rapidly and/or produced in small amounts. The
fact that cfaC-and cfaE-specific RNAs are produced in small
amounts is probably due to the fact that the stem-loop
structure downstream of the cfaB gene acts as an imperfect
terminator of transcription.
Most likely, the RNA processing and degradation events

described above regulate the differential expression of the
genes in CFA/I region 1. In vitro, the cfaB gene product is
produced in larger amounts than other gene products of region
1. In vivo, the product of the cfaB mRNA, the CFA/I subunit
protein, is probably needed in excess of the other gene
products of region 1. The other gene products can either be
minor subunit proteins or play a role in the assembly of subunit
proteins into fimbriae.
We have suggested earlier that the mRNA reacting with a

cfaB-specific probe is a cfaAB transcript of approximately 1.2

ATGGCTCTGACCACAATGTTTGTAGCAGTGAGTGCTTCAGCAGTAGAGAAAAATATTACTGTAACAGCTA
PEB: <-

1620

cfa.B
GTGTTGATCCTGCAATTG .......

1690

cfaB _> S-D
GACTTTGGGATCCTGAttcttttatttaaaagaRgggtatgtttatacatccctcctttttcatggaa

2090

cfaC
atgaatttatATGAAGCATAAAAAAAAG

2160

FIG. 5. Nucleotide sequence of regions involved in the processing
and differential decay of RNA transcribed from CFA/I region 1. Stop
codons, start codons, and ribosome-binding sites are underlined.
Oligonucleotides BI, B2, and PEB are indicated underneath the
sequence. The two start points of the cfaB mRNA are indicated by
vertical arrows, and the stem-loop structure is shown by double-lined
horizontal arrows.

kb (12). We show here that the major RNA reacting with a
cfaB-specific probe is a cfaB mRNA of approximately 0.7 kb
(Fig. 3B). The misinterpretation of our previous results is
probably due to two facts. First, in the experiments described
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FIG. 6. 1-Galactosidase activity of construct pIVB3-529 (+) con-
taining a 260-bp fragment upstream of the cfaB gene cloned in front of
the lacZ gene. Introduction of pIVB3-105 encoding the positive
regulator, CfaD, of CFA/I did not elevate the activity (A). A strain
containing both construct pIVB3-710 (which has the promoter up-
stream of cfaA cloned in front of lacZ) and construct pIVB3-105
(encoding CfaD) was used as a positive control (0).
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FIG. 7. Schematic presentation of the CFA/I region 1-specific
RNA fragments present in CFA/I-producing E. coli strains. The cfaA
and the cfaB genes and a part of the cfaC gene are indicated.
Underneath the DNA, the cfaAB, cfaA, and cfaB mRNAs as well as
the putative cfaABCE mRNA are given. The scissors indicate the
position of the site-specific cleavage of the RNA by an endoribonucle-
ase. The stem-loop structure involved in stabilization of the cfaB RNA
is depicted.

in our previous report we denatured the RNA insufficiently
prior to loading it on the formaldehyde-agarose gel. Second, in
these experiments the RNA was not hybridized with a cfaA-
specific probe. If this had been done, it would have been
obvious that the mRNA reacting strongly with a cfaB-specific
probe does not contain cfaA sequences.
An abundant cfaB mRNA and small amounts of the cfaA

and cfaAB mRNAs could also be explained by an alternative
model in which two promoters are present. The first promoter
in front of the cfaA gene should then generate the cfaA and
cfaAB mRNAs, and a second promoter in front of the cfaB
gene should generate the cfaB mRNA. We already confirmed
the presence of a promoter in front of the cfaA gene (25). No
promoter activity could be detected in front of the cfaB gene
(Fig. 6) in contrast with the data of Karjalainen et al. (15). Two
additional facts are in agreement with our experimental re-
sults. (i) No consensus sequence for an E. coli promoter is
present directly upstream of the start of the cfaB mRNA, and
(ii) a putative promoter in front of the cfaB mRNA would be
inside the coding region of the cfaA gene. Therefore, we
conclude that no promoter is present directly upstream of the
cfaB gene. With the data described here, we cannot explain the
results of Karjalainen et al. (15).
Accumulation of the cfaAB RNA could not be observed in

RNase III-, RNase E-, or RNase P-deficient strains, indicating
that these endoribonucleases are probably not involved in the
cleavage of the cfaAB transcript. Recently, additional E. coli
endoribonucleases which may be involved in the processing of
the cfaAB transcript have been described (19, 30).

Differential stability of mRNA segments of polycistronic
transcripts has been shown to regulate the level of gene
expression within several bacterial operons (for examples, see
references 2, 5, 20, and 21). Here, we show the existence of
processing of RNA transcribed from CFA/I region 1. Probably,
these processing events regulate the differential expression of
genes in CFA/I region 1.
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