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We have sequenced the entire region of DNA required for the biosynthesis of CSS5 pili from enterotoxigenic
Escherichia coli 0115:H40 downstream of the major subunit gene, designated csf4 (for coli surface factor five A).
Five more open reading frames (ORFSs) (csfB, csfC, csfE, csfF, and csfD) which are transcribed in the same
direction as the major subunit and are flanked by a number of insertion sequence regions have been identified.
T7 polymerase-mediated overexpression of the cloned csf ORFs confirmed protein sizes based on the DNA
sequences that encode them. The expression of only the csf region in E. coli K-12 resulted in the hemaggluti-
nation of human erythrocytes and the cell surface expression of CSS5 pili, suggesting that the cluster contains
all necessary information for CS5 pilus biogenesis and function.

Enterotoxigenic Escherichia coli (ETEC) is a major cause of
acute diarrhea in children in the developing world and in
international travellers in these areas (24, 31). Specific coloni-
zation of the epithelium is mediated through the action of
proteinaceous surface structures known as pili or fimbriae. In
ETEC strains isolated from humans, such pili are referred to as
colonization factor antigens (CFAs).

A number of the operons involved in CFA biosynthesis have
been cloned and characterized, including CFA/I (17) and
CFA/II isolates expressing the heterogeneous coli surface (CS)
antigens CS1 (10, 32, 36), CS2 (11), and CS3 (16). CFA/IV is
present on the surfaces of 10 to 20% of all ETEC strains. The
pili produced are antigenically heterogeneous, consisting of
CS4, CSS, and CS6 (39). CFA/IV ETEC strains express the
nonpilus antigen CS6 with either CS5 or CS4 pili. CS5 and CS6
pili are found on strains of serotypes O6, 029, 092, O114,
0115, and 0167 (23, 39).

Members of our group previously described the molecular
cloning of the region required for the biosynthesis of func-
tional CS5 pili from ETEC strains belonging to the O115:H40
serotype, isolated originally during an outbreak among aborig-
inal children in Central Australia (15, 20). In subsequent nu-
cleotide sequencing of the region encoding the major CS5 pilin
subunit, significant homology within the signal sequence and at
the carboxy terminus with the corresponding major subunit of
F41 pili from porcine ETEC was shown (5).

In this study, we sequenced and analyzed the entire DNA
region encoding the biosynthesis of CS5 pili immediately
downstream of the major subunit gene, along with flanking
regions of DNA. We have identified several insertion se-
quences (IS) and IS-related sequences surrounding five open
reading frames (ORFs), designated c¢sfB (for coli surface factor
five B), csfC, csfE, csfF, and csfD, and the major subunit pre-
viously described (5), termed csf4. Through immunogold elec-
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tron microscopy experiments, we also showed that the csf clus-
ter, minus the flanking DNA regions, mediates the cell surface
expression of CSS5 pili in E. coli K-12, suggesting that all the
information required for CFA biogenesis is contained within
these ORFs.

Analysis of the DNA sequence downstream of the major
subunit, csf4. Previously, Clark et al. (5) showed that immedi-
ately downstream of the major subunit (csfA4) is a proposed
transcriptional attenuator sequence and the beginning of a
second ORF with a good ribosome binding site (5'-GGAA-3")
located 8 nucleotides (nt) upstream of the AUG initiation
codon. A predicted signal sequence cleavage site was between
Phe,s and Ser,, (5).

To facilitate the sequencing of the region downstream from
the beginning of this predicted ORF, designated csfB,
pPM1312 (15) was digested with PstI and then cloned into
pBS-SK™ (Stratagene) to yield pPM5303, which was digested
with Sacl and Xbal and then treated with exonuclease III,
which deletes bases from the unprotected Sacl overhang of
DNA for a given period of time. The DNA was then treated
with Klenow enzyme and S1 nuclease, ligated with T4 DNA
ligase, and transformed into DH5«a (Bethesda Research Lab-
oratories). Chosen nested deletion products were then directly
sequenced with the M13 forward and reverse sequencing prim-
ers. Sequencing kits for both dye primer and dye terminator
reactions were purchased from Applied Biosystems (Foster
City, Calif.), and the sequencing was carried out on a model
373A Applied Biosystems automated sequencer.

The csfB ORF extends from nt 2096 to 2770 (Fig. 1) and is
predicted to encode a periplasmic protein of 24 kDa with a pl
value of 6.42 and a mean hydrophobicity index of —0.41. The
following OREF, termed csfC, which overlaps c¢sfB by 4 nt,
extends from nt 2767 to 5211 (Fig. 1). A potential ribosome
binding site (5'-AAGA-3’) is located 8 nt upstream of the
AUG start codon (37). The ¢sfC OREF is predicted to encode a
90.3-kDa protein with a pI value of 8.61 and a mean hydro-
phobicity index of —0.44. Cleaving this protein at a potential
signal sequence cleavage site between Ala,; and Asp,, (43)
would result in a mature protein of 88 kDa in the periplasm.
The overlap of reading frames csfB and csfC is suggestive of
translational coupling (22). Immediately downstream of csfC,
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FIG. 1. Genetic organization of the region required for the biosynthesis of CS5 pili in ETEC O115:H40. ORFs belonging to the CS5 cluster are designated csf4
to csfF. The region is flanked by a variety of IS elements. +, region homologous to part of orfB in Tn21; *, region homologous to part of IS66; #, region homologous
to part of IS971. ISI and a defective IS30 are indicated. The upper line refers to the position of the genes relative to the sequence length, in kilobases, with relevant
restriction sites indicated. Plasmids used in this study and the ORF(s) they encompass are indicated.

initiated within 17 nt, is a fourth ORF, denoted csfE, which
extends from nt 5227 to 5838 (Fig. 1). csfE may encode a
protein of 22.8 kDa with a pl value of 7.72 and a mean hydro-
phobicity index of —0.01. A potential signal sequence cleavage
site exists between Leu,, and Gln,,, giving rise to a mature
protein of 20.3 kDa in the periplasm. The c¢sfE reading frame
is preceded by a potential ribosome binding site (5'-GAAGA
G-3") located at the optimal distance of 7 nt from the AUG
start codon.

The fifth ORF in the cluster, termed csfF, lies 13 nt down-
stream of ¢sfE and extends from nt 5852 to 6526 (Fig. 1), giving
rise to a 25.5-kDa protein with a pI of 8.68 and a mean hydro-
phobicity index of —0.21. A potential signal sequence cleavage
site located between Ala,, and Phe,, would give rise to a
23.3-kDa protein in the periplasm. A potential ribosome bind-
ing site (5'-GAGA-3’) is located 8 bases upstream from the
AUG start codon.

The final ORF in the cluster, csfD, overlaps csfF by 4 nt
(which is also indicative of translational coupling), extends
from nt 6523 to 7644 (Fig. 1), and is predicted to encode a
protein of 41.0 kDa with a pI value of 8.3 and a mean hydro-
phobicity index of —0.3. A mature 38.9-kDa protein in the
periplasm would be produced from the potential signal se-
quence cleavage site located between Ala,, and Ala,,. The
potential ribosome binding site is located 10 nt upstream of the
AUG start codon (5'-AAGG-3"), which is not optimal for
efficient translation (13, 18) but may be offset by translational
coupling with csfF.

Homologies. DNA and amino acid sequence homologies
were detected with the basic local alignment search tool
(BLAST) (1), and the sequences were aligned with CLUSTAL
W (40). A search of the databases with the derived sequence of

the CsfC protein showed that the protein’s greatest homology
is with the membrane usher protein CooC from CS1 pili (Gen-
Bank accession no. X76908) (10), with 19% protein identity
and 38% similarity. Secondary-structure analysis with PHDSec
(28-30) predicted a high B-sheet (44.5%) and low a-helix
(9.8%) content for this protein, along with a high percentage of
charged amino acids (18.4%) and no long regions of hydro-
phobic amino acids. Similar properties were defined for the
CooC protein (10), and such features are commonly found in
other known outer membrane proteins (25). Based on homol-
ogy searches and secondary-structure analysis, ¢sfC is pre-
dicted to encode an outer membrane usher protein.

The amino acid sequence of CsfB had 30% identity and 51%
similarity with CsfF, while CsfA was homologous to CsfD, with
14% identity and 24% similarity. Although the percent identity
between CsfA and CsfD is low, it is similar to that between the
minor tip-associated pilin subunits CooD, PapG, and FimH
and their cognate major pilins in CS1, Pap, and type I pili,
respectively (12, 33). CsfE showed no homology to sequences
in the database (P = 1.0).

DNA sequence upstream and downstream of the csf cluster.
DNA sequences upstream and downstream of the csf cluster
from pPM1312 to pPM1306 (15) showed regions of homology
with a number of IS elements, including orfB of transposon
Tn2! from Shigella flexneri (GenBank accession no. U42226)
(13a), IS66 (GenBank accession no. M10204) (19), and 1S911
from Shigella dysenteriae (GenBank accession no. X17613)
(27). Furthermore, a defective IS30 element in the transposase
sequence was identified and determined to be 98% identical to
the complete IS30 (6), along with an intact IS/ element that
has 99% sequence identity and 98% protein identity with the
published IS/ sequence (26) (Fig. 1).
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Immediately upstream of csf4 are two potential ¢’ pro-
moter sequences, from nt 1262 to 1291 and nt 1375 to 1402.
The former has —35 (TTGACG) and —10 (TATTGT) sites
with an 18-nt spacer region, and the latter has —35 (TTTTCA)
and —10 (TATTGT) sites separated by a 16-nt spacer region.
There is a high degree of identity for the —35 and —10 con-
sensus sequences (TTGACA and TATAAT); however, the
spacing between them is not optimal (17 nt), but it is accept-
able (14).

Protein expression studies. Plasmids were transformed into
DH5«a (Bethesda Research Laboratories) containing the plas-
mid pGP1-2 (38). Overexpression of the proteins was carried
out essentially according to the method described by Tabor
and Richardson (38). The ¢sfB, csfC, csfD, csfE, and csfF ORFs
were predicted to encode proteins of 25.8, 90.3, 41, 22.8, and
25.5 kDa, respectively, with the DNASIS program (LKB-Hi-
tachi). In order to confirm this, each ORF was PCR amplified
with Amplitaq polymerase (Roche) and gene-specific oligonu-
cleotides and then cloned into pBS-SK™ (Stratagene) oriented
downstream from the T7 promoter (Fig. 1). The generation of
pPM5605 (csfB) utilized oligonucleotides 2944 (5'-GGGAAT
TCCCAGGCAGCTGCTGC-3") and 2945 (5'-GGTCTAGAGC
CAGCTCACTTTTATCAGC-3'), which included EcoRI and
Xbal sites, respectively (underlined). pPM5636 (csfC) was con-
structed with oligonucleotides 2977 (5'-GGCTGCAGCGGA
CGCGAACGAAAACTG-3') and 2978 (5'-GGTCTAGACC
ATATAGAAGACAAGTTTG-3'), which included PstI and
Xbal sites, respectively (underlined). pPM5640 (csfD) was con-
structed with oligonucleotides 2979 (5'-GGCTGCAGGAGC
ATGTACAGACGCTT-3") and 2980 (5'-GGTCTAGACCAC
TACAGGAGGTAATTG-3"), which included PstI and Xbal
sites, respectively (underlined). pPM5633 (csfE) was con-
structed with oligonucleotides 2973 (5'-GGCTGCAGGGAA
ATATGTAAGCA-3") and 2974 (5'-GGTCTAGACGATTAA
AATCGCTCAAAAA-3"), which included PstI and Xbal sites,
respectively (underlined). Finally, the construction of
pPM5390 (csfF) required oligonucleotides 2971 (5'-GGGAA
TTCGAGGACTATGTAGGG-3") and 2972 (5'-GGTCTAG
ATGAACCATAAAGGAAAAAAAAG-3'), which included
EcoRI and Xbal sites, respectively (underlined). These plas-
mids were compared with pPM5631, which contained all of the
csf cluster; constructed by the digestion of pPM1312 with Sphl
and Smal; and then cloned into pGEM7-ZF* (Promega) ori-
ented from the T7 promoter. Overexpressed proteins were
labelled with 10 pCi of L-[**S]methionine (Amersham) and
separated by gel electrophoresis in sodium dodecyl sulfate on
15% polyacrylamide gels. Several protein bands in pPM5631
(Fig. 2, lane 2) that correlated well with the sizes of the indi-
vidual overexpressed gene products (Fig. 2, lanes 4 to 8) were
detected. The CsfE and CsfD proteins migrated with apparent
molecular masses in approximate agreement with their respec-
tive DNA sequences (Fig. 2, lanes 7 and 8, respectively). A
band corresponding to the expected size of CsfE in pPM5631
(Fig. 2, lane 2) may have been either CsfE or CsfA, which also
migrated to approximately 23 kDa (5). CsfF migrated with an
apparent molecular mass of 27 kDa, which was slightly higher
than that predicted based on DNA sequence alone (Fig. 2, lane
4). Similarly, the apparent molecular mass of CsfB was 26 kDa,
which was slightly higher than the molecular mass predicted in
DNA sequence studies (Fig. 2, lane 6).

The CsfC protein and the mature form were predicted to
have molecular masses of 90.3 and 88 kDa, respectively; how-
ever, T7 analysis indicated an apparent molecular mass of only
71 kDa (Fig. 2, lane 5). The 71-kDa product may represent a
degradation product which is readily observed in the E. coli
K-12 background, while the full-length form is not detectable.
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FIG. 2. T7 RNA polymerase promoter expression of CsfB, CsfC, CsfD, CsfE,
and CsfF clones in pBS-SK™. Proteins were labelled with [**S]methionine, and
whole-cell fractions on 15% polyacrylamide gels were subjected to gel electro-
phoresis in sodium dodecyl sulfate, followed by autoradiography of the dried
gels. Lane 1, pPGEM7-ZF*; lane 2, pPM5631; lane 3, pBS-SK™; lane 4, pPM5390
(CsfF); lane 5, pPM5636 (CsfC); lane 6, pPM5605 (CsfB); lane 7, pPMS5633
(CsfE); lane 8, pPM5640 (CsfD). Arrows indicate the positions of the overex-
pressed proteins.

Proteolytic degradation products are a common occurrence
among other known outer membrane usher proteins, including
CooC (42), PapC (8), FaeD (41), and FasD (35). However, it
is worth noting that there is an unusual distribution of charged
residues (18.4%) within the coding sequence for CsfC, which
may also account for the 71-kDa band observed.

Expression of the csf cluster in E. coli K-12. To examine
whether pPMS5631 contains all the information necessary for
the biogenesis of functional CS5 pili, hemagglutinations and
immunogold electron microscopy were performed. Bacterial
strains were grown overnight on CFA agar (9) at 37°C, with
ampicillin (100 pg/ml) as required. A sample of resuspended
bacteria in phosphate-buffered saline was mixed with an equal
volume of 5% human group A™ erythrocytes in the presence of
0.1 M p-(+)-mannose. Both wild-type strain PE423 (20) and E.
coli K-12 strain DHS5a containing pPM5631 readily aggluti-
nated, while the negative control strain containing pGEM-
7ZF" was unable to do so. Immunogold electron microscopy
with rabbit anti-native CS5 pilus antiserum (15) showed that E.
coli K-12 containing pPM5631 exhibited peritrichous pili (Fig.
3B), some of which were found detached in the surrounding
milieu (Fig. 3D), and they were in far greater amounts than pili
of the corresponding wild-type strain, PE423 (Fig. 3A). E. coli
K-12 containing pGEM-7ZF " showed no cell surface pili, as
expected (Fig. 3C). These data show that the csf cluster con-
tains all information required for the expression of a functional
CSS pilus on the surface of E. coli K-12 strain DH5a.

Conclusion. CS5 pili may be representative of a distinct class
of pili, since the protein products encoded by four of the six
ORFs comprising the CS5 region show no significant homol-
ogy (P > 0.65) to any sequence in the databases. Several of the
products encoded by the csf ORFs are homologous to each
other, namely, CsfA to CsfD and CsfB to CsfF. This may
indicate that the protein products have similar functions in CS5
pilus biogenesis. A lack of homology to any of the known
families of regulatory proteins suggests that the csf cluster does
not encode a specific regulatory protein. Therefore, it is pos-
sible that a regulatory protein is not required for CS5 pilus
expression in E. coli K-12, unless a homologous protein in E.
coli K-12 is able to functionally replace a wild-type regulator.
No specific regulatory gene has been identified within the
cluster of CS3 pilus cst genes, which have been shown to



5850 NOTES

J. BACTERIOL.

FIG. 3. Immunogold electron microscopy of PE423 and E. coli K-12 derivatives. (A) PE423; (B) E. coli K-12 containing pPM5631; (C) E. coli K-12 containing

pGEM7-ZF*; (D) cell-free CS5 pili. Bars, 500 nm.

readily produce CS3 pili in an E. coli K-12 background (16, 21).
Conversely, the expression of CS1 and CS2 pili is dependent on
a plasmid-borne positive regulatory gene, rns (3), which is a
member of the araC family of regulators and highly homolo-
gous to cfaD and cfaR, which are required for CFA/I expres-
sion (4, 34). Another proposed plasmid-borne regulatory gene
is csvR, originally cloned from E. coli O167:HS, a strain which
produces not only CSS5 pili but also CS6 pili (44). The csvR
gene is 87% homologous to cfaR and is able to functionally
replace cfaR to mediate CFA/I expression (7). It is currently
unknown whether CsvR plays a role in CS5 biogenesis.

The average G+C content of the six ORFs comprising the
csf cluster is only 37.1%, compared with the average G+C
content of 50.8% in E. coli (2). The pattern of codon usage
within the csf cluster also differs significantly from the codon
usage of E. coli. The rare or modulator codons in the csf cluster
of E. coli are used much more frequently than highly and
minimally expressed genes of E. coli (data not shown). This
may indicate that the csf cluster was recently introduced into E.
coli from another organism by transposition, which may be
supported by the presence of flanking IS regions. The identi-
fication of only one set of potential promoters immediately
upstream of csfA, along with overlapping reading frames for

four of the six c¢sf ORFs, indicates that this region likely con-
stitutes an operon.

Expression of the cloned csf region in E. coli K-12 produced
cell surface CS5 pili far in excess of those observed in the
wild-type strain, PE423. This may be due to a gene dosage
effect, a consequence of the expression of the csf cluster from
a high-copy-number plasmid versus expression from the very-
low-copy-number virulence plasmids found in the wild-type
ETEC strains. CS5 pilus expression from the high-copy-num-
ber plasmid in E. coli K-12 provides a useful system for inves-
tigating phenotypic changes in expression resulting from mu-
tational and complementation experiments. Consequently, we
are currently investigating the role of the individual ORFs in
CSS5 biogenesis.

Nucleotide sequence accession number. The DNA sequence
obtained in this study has been deposited into the EMBL
database under accession no. AJ224079.
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