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Carlos Balsalobre,1 Joachim Morschhäuser,2 Jana Jass,1 Jörg Hacker,2 and Bernt Eric Uhlin1*

Department of Molecular Biology, Umeå University, S-90187 Umeå, Sweden,1 and Institut für Molekulare
Infektionsbiologie, University of Würzburg, D-97070 Würzburg, Germany2

Received 15 July 2002/Accepted 1 October 2002

Among the virulence factors present in pathogenic extraintestinal Escherichia coli strains, expression of
fimbrial adhesins is necessary for attachment to the host tissues and subsequent colonization. Occurrence of
the sfa determinant coding for the S fimbriae is widespread among the uropathogens and meningitis isolates.
The sfa operon consists of nine genes. In the biogenesis of S fimbriae, the proteins encoded by the sfa genes are
presumably required in a specific stoichiometry. In the present work we studied how differential expression of
the sfa operon genes occurs. Our findings indicate that a number of endoribonucleolytic cleavages occur in the
mRNA from the sfa operon, and we detected the presence of different distinct transcriptional products,
including sfaBA, sfaA, sfaADE, and sfaGSH. The sfaGSH transcript represents the three distal genes of the sfa
operon, which code for the minor subunits of the S fimbriae. Analysis of the proteins in S fimbriae suggested
that expression of the sfaGSH transcript provides equimolar amounts of the minor subunits. Furthermore, we
showed that in the generation of the major sfaA transcript, the processing included RNase E endoribonuceo-
lytic cleavage of the precursor sfaBA transcript. We suggest that posttranscriptional mRNA processing events
result in differential gene expression important to achieve the stoichiometry necessary for fimbrial adhesin
biogenesis.

Escherichia coli is an important human pathogen that can
cause intestinal and extraintestinal infections. In the case of
extraintestinal infections, the most common infections are uri-
nary tract infections (UTI) and infections directly related to
newborn meningitis. The ability of some E. coli strains to
colonize the urinary tract tissues and cause further infection
depends on the presence of specific virulence factors, such as
adhesins, hemolysins, cytotoxic necrotizing factor 1, aerobac-
tins, and other compounds (for a review see reference 7).
Hacker et al. (13) found that the genes encoding these viru-
lence factors are often physically linked in the large regions of
the chromosome that share some characteristics with mobile
elements. These regions have been termed pathogenicity is-
lands (11).

The first step in a UTI is attachment of the bacterial cells to
the urinary tract tissues; therefore, expression of specific ad-
hesins is important. Different specific adhesins have been de-
scribed for UTI and newborn meningitis isolates. For example,
the S-fimbrial adhesins (Sfa) recognize and attach to receptor
molecules on the cell surface that contain �-sialic acid (18).
The S fimbriae are encoded by the sfa determinant, which
contains nine genes, and the expression of this determinant is
finely tuned. Schmoll et al. (32) demonstrated that expression
of the sfa determinant is dependent on several environmental
conditions, such as temperature, osmolarity, and the presence
of glucose. At the molecular level, regulation of the sfa deter-

minant is known to be mediated by two regulatory proteins,
SfaB and SfaC.

A common organization of genes in bacteria is an organiza-
tion in which the genes are clustered into transcriptional units
termed polycistronic operons. This genetic organization en-
sures coordination of expression, and several interesting cases
involving genes coding for virulence factors have been de-
scribed. Nevertheless, the proteins encoded by these polycis-
tronic loci are often required in nonstoichiometric amounts.
Thus, the bacteria must have mechanisms to achieve differen-
tial expression at the posttranscriptional level from such poly-
cistronic operons. Studies of the phage f1 system (17), the pap
operon (25), and the atp operon (22), among others, have
shown that translational control, partial termination, polarity,
and mRNA processing and turnover are posttranscriptional
mechanisms that may play important roles in determining the
expression rates of individual genes present in polycistronic
transcripts.

In the biogenesis of fimbriae, differential expression of the
genes presumably must occur such that a suitable stoichiome-
try of the different fimbria subunits is produced (15). How such
differential expression occurs has not been completely eluci-
dated. Previous studies of an analogous fimbrial system, the
pap determinant, demonstrated that processing of the mRNA
and differential stability of the resulting transcripts were im-
portant for expression of the major protein subunit (1, 2, 25).
Morschhäuser et al. (23) showed that expression from the sfa
operon results in generation of a major transcript carrying the
sequences for the major subunit, SfaA. In this study we ex-
tended the transcriptional analysis to include the whole sfa
determinant. The results obtained strongly suggest that specific
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processing at different positions in the polycistronic mRNA is
an important mechanism for achieving differential expression
of the genes in this operon.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The sfa gene cluster was originally
cloned from E. coli strain 536, a human urinary tract isolate (12). E. coli strains
HB101 (5), N3433, and N3431 (an isogenic derivative of N3433 carrying the
temperature-sensitive rne3071 mutation [9]) were the hosts of the plasmids in
this study. For growth on solid media we used petri dishes containing TYS agar
or CFA agar. Liquid cultures of cells were grown in Luria-Bertani (LB) medium
(3) with vigorous shaking at 37°C (HB101) or at 30°C (N3431 and N3433) unless
otherwise indicated. Bacterial growth was monitored by determining Klett units
with a Klett-Summerson colorimeter; 50 Klett units corresponded to an optical
density at 600 nm of approximately 0.4. When required, carbenicillin and iso-
propyl �-D-thiogalactopyranoside (IPTG) were added to final concentrations of
50 �g/ml and 1 mM, respectively.

Construction of plasmids. The genetic organization of the plasmids used in
this study is shown in Fig. 1. Plasmid pJMT1 was obtained by cloning the SmaI
fragment from pANN801-13 (12) into the SmaI site of the expression vector
pMMB66HE (8). pJMT2 contained the same fragment in the SmaI site of
pMMB66EH in the same orientation with respect to the ptac promoter; only the
direction of the polylinker was reversed to facilitate construction of the following
plasmids. pJMT3 was obtained after the KpnI-BamHI fragment from
pANN801-13 was inserted into KpnI/BamHI-digested pJMT2. Plasmids pJMT4
to pJMT10 were constructed by deleting the StuI-BamHI, BalI-BamHI, HpaI-
BamHI, DraIII-BamHI, XmaI-BamHI, KpnI-BamHI, and ClaI-BamHI frag-
ments, respectively, from pJMT3, blunting the recessive ends, and ligation. In the
pJMT plasmids, as indicated above, the 5� end of all the fragments cloned was
the SmaI site located 25 bp downstream from the initial codon of the sfaB gene.
An rrnB terminator that defined the end of the transcription was located down-
stream of the cloned fragments.

RNA isolation and Northern analysis. RNA was extracted from strains 536
and HB101/pANN801-13 collected at the mid-log phase (50 Klett units). In the
case of strains containing the pJMT plasmids, IPTG was added to the bacterial
cultures when the density was 50 Klett units, and after 20 min of induction the
cells were collected. To analyze rne-dependent mRNA processing, cultures were
grown at 30°C (the permissive temperature for the rne mutant) to a density of 50
Klett units, divided in half, and incubated for an additional 30 min at either 30
or 44°C (the nonpermissive temperature). Transcription was then induced for 10

min, after which RNA was isolated. For transcriptional repression, 200 �g of
rifampin per ml was added to the cultures 2 min after IPTG induction. In all
cases, the RNA was isolated by the hot phenol method as described by von
Gabain et al. (34). The RNA was separated in a 1% agarose gel in HEPES-
acetate buffer containing 2.2 M formaldehyde. RNA blotting, hybridization, and
washing of the membrane were performed essentially as described by Nilsson
and Uhlin (25). The membranes were subjected to autoradiography. The probes
used to detect expression of the different mRNA transcripts were the following
[�-32P]ATP kinase-labeled oligonucleotides: M151 (5�-CCCAAGGTCAGGGC
TGAAAATACAGCC-3�) complementary to the sfaA transcript, M187 (5�-CC
ACTGACCAGATAATCCTTCATAGCG-3�) complementary to the sfaB tran-
script, CBP15 (5�-CCCCCGCCAGCAGAGCCGGTCAGT-3�) complementary
to the sfaF transcript, CBP16 (5�-CCCGTCACAGTAATCGTCGTATCCACT
GCC-3�) complementary to the sfaS transcript, and CBP17 (5�-CACAGAACC
CGCTGCACAGAC-3�) complementary to the sfaG transcript.

Primer extension analysis. The primers used for primer extension analysis
were the [�-32P]ATP kinase-labeled oligonucleotides M151 and M187 described
above. The labeled primers were annealed with 10 �g of total RNA in 8 �l of 50
mM Tris-HCl (pH 8.3)–60 mM NaCl–10 mM dithiothreitol. The primer exten-
sion reactions were performed by using 1 h of incubation at 42°C after addition
of 8 �l of extension buffer containing 1 U of avian myeloblastosis virus reverse
transcriptase (Boehringer Mannheim), 25 mM Tris-HCl (pH 8.3), 30 mM NaCl,
15 mM MgCl2, 1.25 mM dithiothreitol, 1 mM dATP, 1 mM dCTP, 1 mM dGTP,
and 1 mM dTTP. The reaction was stopped by addition of 16 �l of formamide
sample buffer (100% formamide, 0.04% xylene cyanol, 0.04% bromophenol
blue). The cDNA products were heated at 80°C for 3 min and separated by
electrophoresis on a 6% polyacrylamide–urea sequencing gel.

S1 nuclease assay. The DNA probes used in the S1 nuclease assay were the
610-bp Asp718a-EcoRI (probe I) and 324-bp Asp718a-SmaI (probe II) fragments
from plasmid pANN801-13. These fragments contained the downstream part of
the sfaE gene and the upstream part of the sfaF gene. The transcribed DNA
strand (complementary to the RNA generated) was specifically radiolabeled by
filling in the Asp718a cohesive end with the Klenow fragment and adding
[�-32P]dGTP to the reaction mixture. The total RNA and the DNA probe were
denatured by incubation at 75°C for 10 min in 50 �l of hybridization buffer
containing 80% formamide, 40 mM piperazine-N,N�-bis(2-ethanesulfonic acid)
(PIPES) (pH 6.9), and 400 mM NaCl. The hybridization mixture was incubated
at 52°C for 16 h and then at 45°C for 3 h. S1 nuclease digestion was performed
by incubation at 37°C for 30 min after addition of 400 �l of digestion buffer
containing 100 U of S1 nuclease (Boehringer Mannheim), 30 mM sodium acetate
(pH 4.5), 250 mM NaCl, 1 mM ZnCl2, and 5% glycerol. The reaction was
stopped by adding 110 �l of stop buffer (4 M ammonium acetate, 50 �M EDTA)
(pH 8.0). The RNA-DNA hybrids were recovered by extraction with phenol-
chloroform and ethanol precipitation. The precipitate was dissolved in 80%
formamide–0.04% xylene cyanol–0.04% bromophenol blue. The products were
heated at 80°C for 3 min and separated by electrophoresis on a 6% polyacryl-
amide–urea sequencing gel.

S-fimbria purification. In order to detect the different subunits of the S
fimbriae by electrophoretic analysis, a purification protocol was developed. Cul-
tures (500 ml) of HB101/pBR322 and HB101/pANN801-13 were grown until the
density was 50 Klett units. Cells were harvested by centrifugation (7,000 � g, 10
min, 4°C), washed in phosphate-buffered saline, and concentrated 200-fold in
phosphate-buffered saline. The fimbriae were sheared from the cells with a tissue
homogenizer operated at 20,000 rpm for 5 min on ice. The cell debris was
centrifuged for 20 min at 16,000 � g at 4°C. The presence of S fimbriae in the
resulting supernatant was analyzed by Tricine–sodium dodecyl sulfate (SDS)–15%
polyacrylamide gel electrophoresis (PAGE) (27), and proteins were stained with
silver nitrate. When immunodetection of S-fimbria subunits was carried out,
samples obtained after PAGE were blotted onto a polyvinylidene difluoride
membrane. Polyclonal rabbit antiserum raised against isolated S fimbriae was
used as the primary antibody, followed by a horseradish peroxidase-conjugated
antibody. The membrane was developed with the ECL-Plus reagent (Amersham
Pharmacia Biotech) according to the method specified by the manufacturer and
was scanned with the STORM system (Molecular Dynamics).

AFM analysis. Bacterial cultures that were analyzed by atomic force micros-
copy (AFM) were grown either on solid media (TYS agar and CFA agar) for 16 h
at 37°C or in LB liquid medium at 37°C with vigorous shaking to the mid-log
phase. Bacterial cells were washed with 10 mM Tris-HCl (pH 8.0). Washed
bacterial cells were briefly resuspended in water before 5 to 10 �l was placed
onto freshly cleaved ruby red mica (Goodfellow Cambridge Ltd., Cambridge,
United Kingdom). The cells were incubated for 2 to 5 min at room temperature,
washed with water, and blotted dry before they were placed into a desiccator for
a minimum of 1 h. Images were collected with a Nanoscope IIIa (Digital Instru-

FIG. 1. Genetic structure of the entire sfaCBADEFGSH operon
cloned into plasmid pANN801-13 and deletion constructs used in this
study. Plasmids pJMT1 to pJMT10 carry different parts of the sfa
operon in either pMMB66HE (pJMT1) or pMMB66EH (pJMT2 to
pJMT10), with the sfaB promoter replaced by the inducible tac pro-
moter and rrnB terminators placed downstream of the sfa inserts. The
solid boxes indicate the locations of the sfa genes. Relevant restriction
sites are indicated as follows: B, BamHI; B1, BalI; C, ClaI; D, DraIII;
E, EcoRI; H, HpaI; K, KpnI; S, SmaI; St, StuI; and X, XmaI. Asterisks
indicate the binding sites of the oligonucleotides used as specific
probes.
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ments, Santa Barbara, Calif.) AFM by using TappingMode with standard silicon
cantilevers oscillated at resonant frequency (270 to 305 kHz). Images were
collected in air at a scan rate of approximately 0.5 to 1.5 Hz. The final images
were flattened and/or plane fitted in both axes by using DI software and were
presented in either height or amplitude (error) mode.

RESULTS

Three proximal genes of the sfa operon were expressed
from a single polycistronic mRNA. In a previous study, two
transcripts containing the sfaA sequences were identified by
Northern hybridization of total RNA from strain HB101/
pANN801-13 (23). A major 700-nucleotide transcript corre-
sponding to the transcript containing the coding sequences of
the sfaA gene and a less abundant 1.4-kb transcript that rep-
resented the sfaB and sfaA genes were detected. In order to
carry out a transcriptional analysis of all of the sfa genes, the
plasmids shown in Fig. 1 were constructed (see Materials and
Methods). The pJMT plasmids carried various lengths of the
sfa operon, and expression of the different cloned sfa genes
could be induced from the ptac promoter. As a first approach

to analyze transcription of the proximal genes, we determined
the hybridization pattern of an sfaA-specific probe (M151) in
total RNA of the strains containing the pJMT plasmids. As
shown in the Fig. 2A, the pattern obtained was consistent with
the previous results; one major transcript consisting of 700
nucleotides corresponding to the sfaA transcript was detected.
Interestingly, some larger bands were also detected. The bands
shown in Fig. 2A, lanes 1, 2, and 3 (the sizes were estimated to
be approximately 1,200, 2,200, and 2,400 nucleotides, respec-
tively) corresponded to the transcripts starting in front of the
sfaA gene and ending at the rrnB terminator located down-
stream of the cloning site. These transcripts were designated
the sfaAD(�), sfaADE, and sfaAF(�) transcripts, respectively.
In lanes 4 to 9 corresponding to the RNA samples from strains
containing plasmids with regions downstream of the sfaE gene,
only a low-intensity band was detected. This band corre-
sponded to a transcript that was designated sfaADE (see be-
low). These results indicated that in addition to formation of
the transcripts consisting of 700 and 1,400 nucleotides, a
longer transcript consisting of about 2,200 nucleotides was

FIG. 2. Northern hybridization of total RNA from strain HB101 carrying different sfa plasmids and from strain 536. Either an sfaA-specific
probe (A) or an sfaF-specific probe (B) was used. Lane 1, HB101/pJMT10; lane 2, HB101/pJMT9; lane 3, HB101/pJMT2; lane 4, HB101/pJMT8;
lane 5, HB101/pJMT7; lane 6, HB101/pJMT6; lane 7, HB101/pJMT5; lane 8, HB101/pJMT4; lane 9, HB101/pJMT3; lane 10, 536; lane 11a,
HB101/pANN801-13; lane 11b, overexposure of part of the blot in lane 11a in order to visualize the small amount of sfaBA and sfaADE transcripts
detected. The positions of the different transcripts are indicated on the left and right.
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produced; this longer transcript started upstream of the sfaA
gene and covered the three proximal genes, sfaA, sfaD, and
sfaE. Similar transcripts were detected with total RNA from
strains in which expression of the sfa operon was under control
of the native promoter. Transcriptional analysis of clinical iso-
late 536 confirmed that the most abundant transcript contain-
ing the sfaA sequences corresponded to a 700-base transcript
(Fig. 2A, lane 10) that was identified previously by analyzing
samples from HB101/pANN801-13 (23) (Fig. 2A, lane 11a).
Furthermore, when samples from HB101/pANN801-13 were
used, it was possible to detect the minor sfaBA transcript and
the newly described sfaADE transcript (Fig. 2A, lane 11b).

sfaA transcript was produced by RNase E endonucleolytic
processing from precursor transcript sfaBA. Previously, it was
suggested that expression of the genes present in the sfa de-
terminant might be under control of three promoters (31),
divergent promoters pB and pC located in the intercistronic
region between sfaB and sfaC and presumed promoter pA
located upstream of the sfaA gene. However, it was evident
that the activity of the pA promoter was very low and that most
of the sfa transcription was initiated at pB under the conditions
used (23). It was proposed previously that the sfaA transcript
could be produced primarily by endoribonucleic processing of
mRNA precursors that initiated at pB, similar to what was
described in the transcriptional studies of the sfaA analog papA
(1, 24, 26).

To investigate generation of the sfaA transcript in more
detail, RNA samples were prepared from strain HB101 carry-
ing pJMT1 (sfaA�D�E�[F�]) at different times after induction
by addition of IPTG. The samples were analyzed by primer
extension by using the sfaA-specific probe M151 and the sfaB-
specific probe M187. Immediately after IPTG induction, a
strong signal was detected that corresponded to the transcrip-
tional start site at the ptac promoter in front of sfaB (Fig. 3A).
This signal became weaker after 5 min and then remained at a
constant level in spite of continuing transcriptional activation.
Moreover, after 30 s of induction with IPTG, a transcript
starting at positions 	165 and 	164 in front of sfaA became
visible, and after a little delay, another transcript starting at
position 	83 and the neighboring nucleotides appeared (Fig.
3B). The latter transcript, which accumulated over time, cor-
responded to the major sfaA mRNA detected previously (23)
(Fig. 2A). The time course of appearance of the different
transcripts suggested that the sfaA mRNA was generated from
the sfaBA transcript by endoribonucleolytic processing at po-
sition 	165/	164, yielding a precursor transcript which was
subsequently processed further at position 	83 to produce the
mature sfaA mRNA. To confirm this two-step sfaBA transcript
processing, we determined the levels of the two transcripts that
exclusively contained the sequences of sfaA (identified as pre-
sfaA with a transcription start site at position 	165 and as
mature sfaA with a transcription start site at position 	84)
after transcription was inhibited by addition of rifampin. As
shown in Fig. 3C, the mature sfaA transcript remained stable
after inhibition of transcription, while a gradual decrease in the
amount of the pre-sfaA transcript was detected. Ten minutes
after inhibition, the pre-sfaA transcript was barely detected.
Together, these results strongly indicated that generation of
the stable sfaA transcript was due to two-step RNA processing
of the sfaBA mRNA precursor.

In the case of the pap operon, it was shown that the pro-
cessing that generated a stable papA transcript was RNase E
dependent. We tested whether this was also the case in the
processing of the sfaBA transcript. The transcription products
obtained from pJMT1 (sfaA�D�E�[F�]) were analyzed in E.
coli strain N3431 carrying the temperature-sensitive rne3071
mutation and its isogenic rne� parent, N3433. Northern hy-
bridization performed with probe M151 demonstrated that at
the permissive temperature, both strains produced low levels
of the sfaBA transcript, large amounts of the mature sfaA
mRNA, and significant amounts of the sfaA-(trrnB) transcript
(Fig. 3D). In contrast, only low levels of the processed sfaA and
sfaA-(trrnB) transcripts were detected in the rne mutant grown
at the nonpermissive temperature. Instead, the corresponding
precursors starting at the ptac promoter, sfaBA and sfaB-
(trrnB), accumulated at much higher levels. In the rne� control
strain the longer transcripts were barely detected, probably
because of accelerated decay at the higher temperature. These
results demonstrated that processing of the sfa transcripts in
front of sfaA was indeed rne dependent. Sequence analysis of
the upstream untranslated region (UTR) of the sfaA transcript
showed that the sequences upstream of the processing sites
mapped by primer extension at positions 	165 and 	84 were
A-U rich (Fig. 3E) and may be considered potential RNase E
cleavage sites. Furthermore, computational analysis of the
UTR downstream of the 5� end of the mature sfaA transcript
was performed, and two putative stem-loop structures were
detected. The appearance of these stem-loop structures was
determined by using the principles of a genetic algorithm of
the program STAR 4.4 (10, 33). The secondary structure
shown in Fig. 3E had a calculated �G value of 	16.9 kcal/mol.
The presence of this kind of secondary structure with similar
free energy has been described in the UTR of other stable
transcripts (6).

3� end of the sfaADE transcript maps to the coding sequence
of sfaF. The results shown in Fig. 2A provided evidence for
generation of a transcript covering the three proximal genes
(sfaA, sfaD, and sfaE). Presumably, this involved the hypothe-
sis that the transcript representing the sfaF gene should have a
5� end located downstream of the sfaE gene. In order to test
this hypothesis, we hybridized total RNA isolated from strains
carrying the pJMT plasmids with an sfaF-specific probe
(CBP15) in a Northern blot analysis. The results obtained are
shown in Fig. 2B. Surprisingly, one band at approximately 2.2
kb was detected in the sample from strain HB101/pJMT2
(sfaA�D�E�[F�]) (lane 3). Plasmid pJMT2 carried the SmaI
fragment of the sfa determinant that contained the four prox-
imal genes (sfaB�ADE) and a short region (133 bp) of the sfaF
gene. Therefore, the data indicated that the band detected
corresponded to the transcript containing the sequences of the
three proximal genes (sfaA, sfaD and sfaE) and that the 3� end
of this transcript maps to the sfaF gene. This 2.2-kb transcript
was also detected in all the RNA samples from strains harbor-
ing plasmids with sequences downstream of the SmaI site lo-
cated in the sfaF gene (Fig. 2B, lanes 4 to 9). As a control, no
signal was detected with samples from HB101/pJMT10
(sfaA�[D�]) and HB101/pJMT9 (sfaA�D�[E�]) (Fig. 2B, lanes
1 and 2). In fact, the 2.2-kb transcript was also detected
when the sfaA-specific probe was used (Fig. 2) and corre-
sponded to the transcript designated sfaADE. In the samples
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from HB101/pJMT2 (Fig. 2B, lane 3) a transcript consisting
of about 500 bases was also detected, and this transcript
corresponded to a small mRNA fragment with the 5� end in
the sfaE sequence and the 3� end at the rrnB terminator.
Taking into consideration the length of the transcript de-
tected, we mapped as a possible 5� end a putative RNase E

cleavage site located 360 bases upstream of the AUG codon
of the sfaF gene. As this transcript was not detected in the
other samples, we considered it an artifact due to the pos-
sible anomalous structure of the mRNA produced from
plasmid pJMT2.

As shown in lanes 4 and 5 of Fig. 2B, we detected some weak

FIG. 3. The sfaA transcript was generated by RNase E-dependent endoribonucleolytic cleavage. (A and B) Primer extension analysis with total
RNA from strain HB101/pJMT1 and either sfaB-specific probe M187 (A) or sfaA-specific probe M151 (B). The time (in minutes) after induction
with IPTG at which RNA was isolated is indicated at the top. The arrows indicate the positions of mRNA start points. Sequencing reaction
mixtures containing the same primers and plasmid pANN801-13 as the template were used as size markers. In panel A the estimated location of
the transcriptional start from the ptac promoter is indicated. (C) Primer extension analysis of sfaA transcript stability. Total RNA was isolated from
strain N3433 (rne�) carrying plasmid pJMT1 before rifampin addition (lane 0) and at different times after rifampin addition (in minutes, as
indicated at the top). sfaA-specific primer M151 was used. A sequencing reaction mixture containing the same primer and plasmid pANN801-13
as the template was used as the size marker. The arrowheads indicate the mRNA start points of the pre-sfaA and mature sfaA transcripts.
(D) Northern hybridization of total RNA isolated from strains N3431 (rne) and N3433 (rne�) carrying plasmid pJMT1 and grown under permissive
(30°C) or nonpermissive (44°C) conditions with sfaA-specific probe M151. The positions of the transcripts are indicated on the right. (E) Structural
analysis of the UTR of the sfaA transcript. The secondary structure was predicted by using the genetic algorithm of the program STAR 4.4.
Asterisks indicate the positions of the transcription start sites mapped by primer extension analysis (see panel A). The box indicates the position
of the putative Shine-Dalgarno sequence. The first codon of sfaA is indicated by boldface type.
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larger bands that on the basis of their estimated sizes should
correspond to transcripts covering increasing portions of the
sfaF gene. Such bands were not clearly present in lanes 6 to 9
containing samples from strains carrying plasmids with down-
stream sequences of the sfaF gene. Another sfaF-specific probe
that hybridized with the central region of the sfaF gene was
used to perform Northern hybridization to detect the tran-
script that should represent this gene. However, after several
trials no clear bands were detected, suggesting that this puta-
tive transcript was very rare and/or quickly degraded.

The 3� end of the proximal transcript was mapped by S1
nuclease analysis by using simultaneously two different double-
stranded probes (Fig. 4A) and total RNA samples from strains
HB101/pJMT2 and HB101/pJMT8. The results are shown in

Fig. 4B. When total RNA from HB101/pJMT8 was used, a
band at 296 bases was detected by using either of the probes.
In addition, an extra band at 334 bases was detected only with
probe II. The exact positions of the 3� ends were mapped, and
the locations are indicated in Fig. 4B. The results suggested
that there were two different 3� ends of the sfaAF transcript
spaced 39 bases apart, flanking the SmaI site. The SmaI site
was the cloning site for plasmid pJMT2. Therefore, corrobo-
rating these results, only the band at 296 bases was detected
with both probes when total RNA from strain HB101/pJMT2
was analyzed. As a control for S1 nuclease digestion, probe II
was used, and a band with a migration position similar to that
of the band observed with probe I was generated. When lanes
4 and 6 of Fig. 4B were compared, we observed an important
difference in the efficiency of S1 nuclease digestion when probe
II was used with RNA samples from strains HB101/pJMT8 and
HB101/pJMT2. Most of probe II was digested with S1 nuclease
in the presence of RNA from strain HB101/pJMT2. This could
be explained by the fact that in the total RNA from strain
HB101/pJMT2, the amount of the sfaADE transcript was
greater than the amounts in the rest of the samples analyzed
(Fig. 2B, lane 3).

Transcriptional analysis of the distal genes of the sfa
operon. The results obtained by using the sfaF-specific probe
showed larger bands only when we analyzed samples from
strains containing plasmids with fragments covering the sfaF
gene but not the downstream region (Fig. 2B). This strongly
indicated that another processing event occurred downstream
of the sfaF gene. The patterns of hybridization obtained by
using an sfaG-specific probe (CBP17) were determined for
RNA samples from the strains carrying plasmids with the distal
genes. The results obtained are shown in Fig. 5. When we
analyzed total RNA from strains containing the whole sfa
determinant (e.g., HB101/pJMT3 [sfaA�D�E�F�G�S�H�]
and HB101/pANN801-13), one transcript that was approxi-
mately 2 kb long was detected. A similar transcript was de-
tected when an sfaS-specific probe (CBP18) was used (data not
shown). Based on its size, this transcript should correspond to
a transcript containing the sequences for the three distal genes
(sfaG, sfaS, and sfaH). The results obtained when total RNA
from strain HB101/pJMT4 (sfaA�D�E�F�G�S�[H�]) was an-
alyzed supported our conclusions (Fig. 5, lane 3). In the latter
case, we detected a slightly shorter transcript since plasmid

FIG. 4. The 3� end of the sfaADE transcript mapped in the coding
sequence of sfaF. (A) Genetic map of the DNA fragments used as
probes for S1 nuclease digestion. The asterisks indicate the 3�end that
was radiolabeled. (B) S1 nuclease digestion of total RNA from strains
HB101/pJMT8 (lanes 3 and 4) and HB101/pJMT2 (lanes 5 and 6) by
using probe I (lanes 1, 3, and 5) and probe II (lanes 2, 4, and 6). The
arrows indicate the positions of two different kinds of products ob-
tained. On the left side the exact positions of the two 3� ends of the
sfaADE transcript are indicated (asterisks) in the sequence. The boxed
nucleotides indicate the position of the SmaI restriction site. The exact
size (number of nucleotides, shown on the right) of the S1 products
was determined by using sequencing reaction mixtures as molecular
mass markers (data not shown).

FIG. 5. Northern hybridization of total RNA isolated from strains
HB101/pANN801-13 (lane 1), HB101/pJMT7 (lane 2), HB101/pJMT4
(lane 3), and HB101/pJMT3 (lane 4) with sfaS-specific probe CBP16.
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pJMT4 did not contain the entire sfa determinant and the rrnB
terminator was located inside the sfaH gene. Therefore, our
results indicated that the three distal genes of the sfa operon
were represented in a single polycistronic transcript that re-
sulted from processing of the larger precursor, sfaAH.

Analysis of S-fimbria proteins and morphology. The follow-
ing question about the role of RNA processing in the differ-
ential expression from the sfa operon arose from the previous
findings: are the distal genes of the sfa determinant repre-
sented by the sfaGSH transcriptional product expressed at
similar levels? Therefore, the level of protein expression from
distal genes sfaG, sfaS, and sfaH was studied. These three
genes encode proteins that are involved in S-fimbria biogenesis
as structural proteins located at the tips of the fimbriae. S
fimbriae were isolated from HB101/pANN801-13 grown under
the conditions used in the expression studies, and the different
structural subunits were resolved by SDS-PAGE and Western
blot analysis. The three minor subunits, SfaG, SfaS, and SfaH,
were identified by their relative migration positions, as previ-
ously described (29). The results (Fig. 6) indicated that there
was not a significant difference in the amounts of the three
minor subunits in the S fimbriae under the conditions used.

Most of the studies on the assembly and structure of fim-
briae have been performed by using P fimbriae as a model (19).
Ultramicroscopy studies performed by using transmission elec-
tron microscopy of P fimbriae have shown that two different
parts can be differentiated morphologically: the pilus rod and
the tip fibrilla. The pilus rod is composed of PapA subunits
packed in a helical conformation, and the tip fibrilla is mainly
composed of PapE, one of the minor subunits of the P fimbriae
(19). The results of the protein analysis described above indi-
cated that none of the SfaG, SfaS, and SfaH minor subunits of
the S fimbriae was present at a higher level than the other

subunits. This suggested that under the conditions used, the S
fimbriae might not have a tip fibrilla structure. AFM analyses
by using TappingMode were performed in order to observe the
morphological features of the fimbriae. As a control, cells
expressing P fimbriae were analyzed by AFM, and tip fibrilla
structures, as previously described in transmission electron mi-
croscopy studies, were indeed visualized (Fig. 7A and B).
When S-fimbriated cells were analyzed, we did not observe tip
fibrillae similar to those detected in the case of P pili (Fig. 7C
to F) either when bacteria were grown on solid media or when
they were grown in LB medium under the conditions used in
the transcriptional studies described above. Thus, the results of
the AFM studies were in agreement with the results obtained
in the analysis of the amounts of the minor subunit proteins
present in fimbriae. There was apparently no exceptionally
abundant minor subunit that could be identified as a major tip
fibrillar subunit.

DISCUSSION

The fimbrial adhesins expressed by extraintestinal E. coli
pathogens are encoded by loci that contain a large number of
genes. Fimbria biogenesis studies have shown that the different
subunits are clearly required in nonstoichiometric amounts.
Thus, the data imply that the bacteria should have mechanisms
to achieve differential expression at the posttranscriptional
level. Early experiments on expression of the pap determinant
demonstrated that RNase E-dependent endoribonucleolytic
cleavages of the polycistronic mRNA generated a stable tran-
script containing the sequences of the gene coding for the
major subunit of the P fimbriae (1, 2, 25). Extensive studies
have been performed on the regulation of biogenesis of the
F1845 fimbriae, which are encoded by six genes present in the
daa determinant. It has been shown that endoribonucleotytic
cleavages and the subsequent different stabilities of the cleav-
age fragments result in the formation of a stable transcript
coding only for DaaE, the major subunit of the F1845 fimbriae.
The endoribonucleotide activity responsible for these process-
ing events is independent of RNase E and RNase III (4, 21).

In the present study, using the sfa determinant, we obtained
data indicating that the polycistronic sfaBADEFGSH transcript
is subject to several mRNA processing events that generate
different transcriptional products, as summarized in Fig. 8. The
results obtained seem to be in total agreement with the notion
that the gene products are expressed to optimize biogenesis of
this kind of fimbriae. We used different approaches to analyze
the posttranscriptional events in the sfa operon. Use of the
pJMT plasmids allowed us to induce expression of different
parts of the sfa operon, which facilitated detection of the dif-
ferent transcripts. Furthermore, the results obtained by over-
expression of the sfa operon were confirmed by comparison
with the sfa expression from plasmid pANN801-13, in which
the sfa determinant is expressed under control of the natural
promoter sequences.

Taken together, the results led us to conclude that seven
different transcripts were generated from the sfa determinant.
The greatest complexity was found in the promoter-proximal
region, where five different transcripts were generated, and
three of these transcripts (sfaBA, sfaA, and sfaADE) contained
the sfaA sequences. The existence of the sfaBA and sfaA tran-

FIG. 6. Analysis of the Sfa fimbrial proteins: Tricine-SDS-PAGE
of purified fimbria samples from cultures of strains HB101/pBR322
(lanes V) (vector control) and HB101/pANN801-13 (lanes S) (S-fim-
bria operon cloned). Lane M contained molecular markers. The sam-
ples were analyzed by silver staining and Western blotting by using
antisera raised against S fimbriae. The bands corresponding to the
different fimbrial subunits are indicated as follows: S, SfaS; A, SfaA; G,
SfaG; and H, SfaH.
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scripts and the existence of the sfaB and sfaC transcripts were
described previously (23). The major transcript generated from
the sfa determinant represented the sfaA gene, and this is
consistent with the fact that the SfaA protein is the major
subunit of the S fimbriae (30). The high steady-state level of
the sfaA transcript seems to be achieved by mechanisms similar
to those described previously for other stable transcripts. For
the gene analogous to sfaA, papA, it was determined that a
stable transcript corresponding to only this gene is generated
by RNase E-mediated cleavage at the intercistronic region
between the papB and papA genes (24, 26). Recently, it was
demonstrated that the secondary structure of the resulting
stable transcript after the RNase E cleavage includes a stem-
loop near the 5� end that stabilizes the transcript by protecting
it from degradation (6). A similar mechanism of protection was
described for the rather stable OmpA transcript (14). In our
study, we demonstrated that generation of the major sfaA
transcript was the result of RNase E cleavage (Fig. 3). Deter-
mination of the 5� end of this stable transcript revealed two
mRNA species that differ in size by about 82 nucleotides. The
shorter transcript (sfaA) appeared after generation of the
larger transcript (pre-sfaA) (Fig. 3). Interestingly, when the
secondary structure of the sfaA transcript was determined by
computer prediction, two putative stem-loop structures were
detected in the UTR. The free energy value coincided exactly
with the value obtained when, using the same program, we
calculated the free energy of the secondary structure of the
UTR of the papA transcript described by Bricker and Belasco
(6). The resemblance to the secondary structure of the papA
transcript and the fact that the 5� end of the sfaA transcript

FIG. 7. AFM images of fimbriated E. coli. (A) P-fimbriated bacterium (HB101/pHMG100) grown on CFA solid medium. (B) Higher
magnification of P fimbriae shown in panel A. (C) S-fimbriated bacterium (HB101/pANN801-13) grown on CFA solid medium. (D) Higher
magnification of S fimbriae shown in panel C. (E and F) S-fimbriated bacteria grown in LB medium.

FIG. 8. Summary of transcriptional events occurring in the sfa
operon.
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maps exactly just upstream of the first stem-loop (Fig. 3E) led
us to speculate that the presence of these two stem-loop struc-
tures is important in defining the high level of stability of this
transcript. It will be of interest to determine the biological
significance of these stem-loop structures by, for example, al-
tering the nucleotide sequence. Figure 3D shows that in the
presence of RNase E (at the permissive temperature) two
major transcripts, sfaA and sfaA-trrnB, were generated. In con-
trast, when RNase E was not active (at the nonpermissive
temperature), the sfaBA and sfaB-trrnB transcripts were de-
tected. These results strongly indicated that the 3� end of sfaA
was not generated by RNase E-mediated processing. These
results support the hypothesis that the major transcript, the
sfaA transcript, is generated by partial termination at a puta-
tive terminator located downstream of the sfaA gene. Consis-
tent with this hypothesis, a stable stem-loop followed by a
U-rich region was detected downstream of sfaA in the inter-
cistronic region sfaA-sfaD (data not shown). Further studies
are needed to confirm the in vivo significance of such a struc-
ture as a rho-independent terminator.

We described the existence of the transcript spanning the
three proximal genes, the sfaADE transcript. This transcript
resembles the papAH transcript produced in the pap determi-
nant (2). Similar to the sfaADE transcript, it contains the
sequences from the major subunit gene to the sequence coding
for the outer membrane translocation assembly proteins (papC
and sfaF in the pap and sfa determinants, respectively). The
fact that the sfaADE transcript hybridized with one sfaF-spe-
cific probe for the upstream part of the gene was an unex-
pected result. However, possible endoribonucleolytic cleavag-
e(s) within coding sequences could be an efficient system for
the cell to quickly silence expression from a transcript. The
outer membrane translocation protein encoded by the sfaF
gene is one protein that theoretically should be necessary in
very few copies for correct biogenesis of the fimbriae. There-
fore, the putative cleavage within the coding sequence of the
sfaF gene could have important biological significance since
this type of processing could be a general mechanism for reg-
ulation of differential expression in polycistronic loci.

The distal part of the sfa operon contains only three genes
instead of six genes, as found in the pap operon located down-
stream of papC. The smaller number of minor subunit genes
could be related to the lower complexity of the fimbrial struc-
ture. Moreover, when isolated P fimbriae were analyzed, the
relatively abundant minor subunit, PapE, was detected, and
this was consistent with the fact that PapE is the major com-
ponent of the fibrilla tip (20, 21). When purified S fimbriae
were analyzed, our results indicated that all three minor sub-
units were present at similar levels. Furthermore, we found
that a unique transcript represented the three distal genes of
the sfa operon. The equimolarity of the minor subunits is in
agreement with the absence in the S fimbriae of a long fibrilla
tip of the type described for the P fimbriae (Fig. 7). However,
we cannot rule out the possibility that the adhesin of the S
fimbriae, SfaS, is organized in the S fimbriae in short fibrilla
tips resembling the tips described for the type 1 fimbriae (16).
The genetic loci coding for Sfa and type 1 fimbriae contain the
same number of fimbrial structural genes, and they are orga-
nized similarly. In both cases, there are three distal genes
coding for the minor subunits of the fimbriae. Studies of ex-

pression of the fim operon at the protein level (16) and at the
transcriptional level (28) indicated that the fim genes coding
for the minor subunits are expressed at a similar ratio. Con-
sistent with this observation, it has been found that the type 1
tip fibrilla is a stubby structure compared with the P tip fibrilla.
Therefore, we can speculate that the genetic similarities be-
tween S fimbriae and type 1 fimbriae give rise to analogous
structures.

The final stoichiometry of the fimbrial organelle may depend
on factors such as the amounts and stabilities of individual mRNA
species, the quality of ribosomal binding sites, codon usage,
protein-protein interactions between structural components,
and/or members of the transport machinery. In the present
study we established that several posttranscriptional mRNA
processing events occur in the polycistronic sfaBADEFGSH
transcript. We suggest that generation of several transcripts is
a mechanism for achieving the differential expression from the
sfa genes necessary for S-fimbria biogenesis.
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