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We have cloned and sequenced the DNA needed for production of CS2 pili in Escherichia coli K-12. The four
open reading frames, cotB, cotA, cotC, and cotD, show homology with the genes needed for production of CS1
and CFA/I pili, which are also found on enterotoxigenic E. coli associated with human diarrheal disease. We
also report that CotA plus CotB interact with the CS1 gene products CooC and CooD to form pili that can be
visualized by electron microscopy and, conversely, that the CS1 gene products CooA and CooB interact with

CotC and CotD to form pili.

Diarrheal diseases are an important cause of death in infants
and young children in developing countries. One of the major
causative agents of bacterial diarrhea is enterotoxigenic Esch-
erichia coli (ETEC). For this reason, attention has been fo-
cused on efforts to develop a vaccine to protect against disease
caused by these organisms. Pili are prime candidates for vac-
cine development, since they are presumably involved in the
earliest step in the infectious process, attachment of the bac-
terium to the host. Since ETEC strains often produce serolog-
ically different pili, a vaccine would have to include epitopes
from more than one type of pilus. For this reason, it would be
helpful to analyze different members of the family of pili from
ETEC strains associated with human disease to learn about
their similarities and differences.

Among human ETEC strains, several types of pili have been
distinguished on the basis of antigenic specificity and/or of
subunit molecular weight. The best studied of these are CFA/I
(colonization factor antigen I), CS1 (coli surface antigen 1),
and CS2 (8, 21, 40). These three pilin types seem to form a
family on the basis of several types of data. First, although
present in different strains of ETEC, they are all positively
regulated by rms or a closely related gene (1, 3, 35). Second, the
N-terminal amino acid sequence of the major pilin protein is
almost identical for these three pilins and for CS4 and
PCF0166 as well (43, 49). Third, for CFA/I and CS1, the DNA
sequence of the four genes needed for their synthesis in E. coli
shows extensive homology between the proteins (10, 12, 17, 18,
27).

Of the genes encoding pili from human ETEC strains, so far
only the genes for CS1 have been studied for function. Mor-
phogenesis of CS1 pili appears to be completely different from
that of other kinds of pili found on gram-negative bacteria,
such as pap-related pili (which are found on E. coli strains
associated with pyelonephritis) and the common type 1 pili (6,
14, 32). To express CS1 pili in E. coli K-12, only four genes are
needed (10). The major pilin subunit, encoded by cooA, lacks
the features common to the better-studied pilins, including
disulfide bonds and a penultimate tyrosine (25, 27). No typical
chaperonins can be identified by sequence comparisons (10,
38). It appears, therefore, that the pili found specifically on
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human ETEC strains constitute a new family, and their rela-
tionships to each other may help us understand their morpho-
genesis.

The phenotype of mutants with mutations in each of the coo
genes needed for production of CS1 pili is absence of pili.
Mutants with mutations in cooB, cooC, or cooD make pilin but
do not produce structures identifiable as pili (10, 38). Thus, for
CS1 and, by analogy, for the other pili of human ETEC strains,
there is no clear candidate for a gene that might encode a
separate adhesin which is present only at the tip of the pilus
structure.

We have previously determined that CS2 pili are encoded by
chromosomal genes (27), unlike both CFA/I and CS1 pili,
which are encoded on plasmids. However, like CS1, CFA/I,
and CS4, CS2 pili are positively regulated by rns, which is on a
plasmid (1-3, 47, 48). We have cloned the CS2 genes, cotB,
cotA, cotC, and cotD, and we present the translation of their
DNA sequence here. Further, we have determined that cross-
complementation occurs between some of the CS1 and CS2
proteins.

MATERIALS AND METHODS

Media. For most experiments, the bacteria were grown in Luria-Bertani broth
(36). For hemagglutination and electron microscopy, cultures were grown on
CFA agar (9). Antibiotics used were 50 wg of ampicillin per ml, 40 pg of
chloramphenicol per ml, 40 wg of kanamycin per ml, and 10 pg of tetracycline
per ml.

Bacterial strains and plasmids. E. coli K-12 strains MC4100 and DH5« (4, 33)
were used for cloning. ETEC C91£-6 is a spontaneous CS pilus-minus derivative
of the wild-type ETEC C91f, which expresses CS2 (40, 41). Strain LMC10 is a lac
deletion, restriction-negative derivative of the ETEC-derived strain C921b-2
which expresses CS1 pili (1). Strain JEF100 is a derivative of LMCI0 that
contains the cooB1 allele in place of the wild-type cooB (38). The cooB1 allele is
an insertion of a kanamycin resistance omega fragment, which inhibits transcrip-
tion and translation. Strain FAKO01 is a derivative of LMC10 which contains a
tetracycline resistance omega fragment inserted into cooC (10). See Fig. 1 for the
location of the omega fragment in JEF100 and in FAKO001.

The cosmid vector pHC79, which carries ampicillin resistance (5), was used for
cloning the CS2 gene cluster. The high-copy-number vector pUC19, which car-
ries ampicillin resistance (23), and the low-copy-number pSC101-based vector
pHSGS576, which carries chloramphenicol resistance (44), were used for cloning.
The rns-containing plasmids used were pEU2030, with rns cloned into pUC18
(1); pEU2040, with rns cloned into pHSG576 (27); and pEU2021, with rns cloned
into pBR322 (1). Plasmid pEU478 contains cooC and cooD cloned under the lac
promoter in pHSG576 (Fig. 1) (10).

The CS2 gene cluster was cloned as described previously for the CS1 gene
cluster (27). Total DNA from E. coli C91{-6 was partially digested with Sau3A to
give fragments 30 to 45 kb in size which were ligated to pHC79 cut with BamHI.
The ligated DNA was packaged into lambda by using the Gigapack Plus kit
(Stratagene), and the lambda was used to transduce E. coli DH5a containing
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FIG. 1. Map of CS1 and CS2 genes in mutant strains and clones. The loca-
tions of omega insertions into the coo genes on the wild-type plasmid are shown
above the map and labeled with the name of the mutant strains. The boxes
labeled pEUS55, pEU478, and pEU582 show the extent of the coo genes (white
boxes) or cot genes (gray boxes) in each clone (further details are given in
Materials and Methods). The genes are cloned under the lac promoter in each
plasmid.

pEU2040, which encodes Rns. Of the 452 ampicillin- and chloramphenicol-
resistant colonies tested by colony immunoblot analysis with antiserum specific
for CS2 (see below), 3 were positive. One clone which contained CS2 antigen in
heat extracts as determined by Western blot (immunoblot) analysis was chosen
for further study. The plasmid contained in this CS2-positive strain was desig-
nated pEU5006. Plasmid pEU5006 was digested with PstI and EcoRV, and the
5.7-kb fragment was isolated and ligated to pUC19 digested with PstI and Smal
to give pEUS588. This 5.7-kb fragment corresponds to bases 6 to 5698 of the
sequenced DNA (see below).

The plasmids described below were cloned so that the pilin genes were ex-
pressed from the lac promoter in the vector (Fig. 1). To make plasmid pEUS55,
which contains cotB and cotA, a 6.0-kb ClaI-EcoRI fragment was blunted and
ligated to pUCI19 digested with Smal. The EcoRI site of the 6.0-kb fragment is
at bp 2753 in the DNA sequence. To make plasmid pEU582 (which contains cotC
and cotD), a 4.0-kb Pyull fragment, extending from bp 1642 to 5591, was purified
and ligated to pUC19 digested with Smal. The presence and orientation of all
inserts were confirmed by restriction analysis.

Antiserum preparation. The anti-CS2 antiserum was prepared from C91£-6/
pEU2021 cells as described by Scott et al. (38). Nonspecific antibodies were
removed by adsorption with sonicated E. coli MC4100 and LMC10. The anti-CS1
antiserum was prepared as described previously (38).

INFECT. IMMUN.

Western blots and hemagglutination. Western blots were performed on
whole-cell extracts as described by Perez-Casal et al. (27), and hemagglutination
was performed in the presence of mannose as described by Caron et al. (3).
Bovine erythrocytes (obtained from D. Jacobsen, University of Georgia) were
used for the hemagglutinations.

DNA sequencing. The sequence of both strands was determined for bases 360
to 5798, and the sequence of the first 360 bases, which were 99% homologous to
IS3, was determined on only one strand.

Electron microscopy. Strains were grown at 37°C on CFA agar containing the
proper antibiotics. A small sample of each strain was suspended in 25 pl of a
solution containing 1 mM Tris-HCI (pH 7.5) and 10 mM MgCl,. The bacteria
were allowed to float on the surface for 60 min at room temperature. A 10-ul
volume of the sample was diluted into 15 pl of the same solution, and Formvar-
coated carbon grids (200 mesh) were floated on the diluted sample for 30 min.
Excess medium was removed with a paper wick, and the grids were stained for 10
to 15 s with ammonium phosphotungstate (pH 7.0). The grids were examined
with a Philips CM-10 transmission electron microscope. For immunogold elec-
tron microscopy of pili, bacteria were adsorbed to Formvar-coated nickel grids as
above and the grids were blocked in TBS (20 mM Tris-HCI, 150 mM NaCl [pH
7.8]) containing 3% bovine serum albumin (BSA). Grids were then floated on
anti-CS1 antibody or anti-CS2 antibody for 2 h, washed six times in TBS-1%
BSA, floated for 1 h on pools of 1:10-diluted gold-conjugated goat anti-rabbit
immunoglobulin G (20-nm-diameter gold particles; EY Laboratories), washed
six times in TBS, and counterstained as above for up to 40 s.

Nucleotide sequence accession number. The CS2 gene sequence has been
submitted to the EMBL database under accession number Z47800.

RESULTS

CS2 gene cluster. To begin the analysis of the CS2 gene
cluster, we constructed a cosmid library of total DNA from an
ETEC strain that expressed functional CS2 pili. The library
was screened by colony immunoblot with anti-CS2 antiserum,
and a cosmid clone that expressed functional CS2 pili, as mea-
sured by hemagglutination, was isolated and subcloned. The
subclone, plasmid pEUS588, which contains an insert of about
5.7 kb, produces pili in E. coli K-12 strain MC4100 (Fig. 2),
which were shown by hemagglutination to be functional (data
not shown). Sequence analysis of this DNA region revealed
that it contains four open reading frames, which we named cot
(for coli surface antigen two).

cotB. The first open reading frame in the CS2 cluster, cotB

FIG. 2. Electron micrographs of MC4100 (A) and MC4100/pEUS88 (B). Bar, 0.5 pm.
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CotB M.KiL1FviL FfnvFaAsAN FMVYPISKDI qsGgSEtIkV FSKSKDVQYI (4%
CooB MrKLF..LSL LMiPFVAkKAN FMIYPISKEI KgGsSELIRI YSKSKDtQYI (48)
Cfan MhKLFyLLSL LMaPFVAnAN FMIYPISKDl KnGnSELVRV YSKSKEIQYI (507
Consensus M-KLF--LSL LM-PFVA-AN -FMIYPISKDI K-G-SELIRV YSKSKD-QYI

PR o ok hk Ak KRk AR KoeE %k kA kERE Kk

CotB KIYTKrVINP GTKEEQEVDI kNWDGGLIVT PaKVVLPAGA SKSIRLTein (99}
CcoB KVYTKKVINP GTKEEYEVDt PNWEGGLVET PsKVILPgGg SKSVRLSQLK (96}
Cfah KIYTKKIINP GTtEEYkKVDI PNWDGGLVVT PgKVILPAGA SKSIRLTQFK (100}
Consensus KIYTKKVINP GTKEEYEVDI PNWDGGLVVT P-KVILPAGA SKSIRLTQ-K

Kk kEE K KK Kk Kk A Kk hkkE ok ok kkkkk ok kR kA kk

CotB kkeqEEVYRV YFESVKPgqQ DdIeeKNgrv nTDLSVNIIY AALIRtsPen (149)
CooB dissEDVYRV YFESIKPEkQ Dgl.sKNKsL kTDLSVNIIY AALIRVLPkKD (147}
Cfah ipkkEEVYRV YFEaVKPDsk Env.idNKkKL tTELSVNIIY AALIRSLPSE (14©)
Consensus ----EEVYRV YFESVKP--Q D----KNK-L -TDLSVNIIY AALIR-LP--

A A EEF Kk Kk k * * Kk KRR A AR K EAEE
CotB pgrkLdVSie sn.NVWIKNT GNIRIGIKDV FLCAtTSI.N DkCaKfsYNr (197)
CooB gksdMraSls pKss11IKNT GNVRvGIKDa FFCKKTSInN DACIKKtYNK (197}
CfaA gqnisLnISrn aKkNIilyNn GNVRaGVKDI YFCKssnI.d DnCVKKaYNK (198)
Consensus ----L--S-- -K-N--IKNT GNVR-GIKD- FFCK-TSI-N D-C-KK-YNK

P N T T
CotB N1YPDmSvDT kLgkkGFSYa vIDtkDDrnE nsGelinlIKl P (238)
CooB NIYPgsSFDT gvIgGNGFShI FIDsvDgsag KqGkrmlIsI h (238}
Cfah NIYPEKSFDT .LVnNnFSYV FIklnhEgiE KeqgLIgQlKV P (238)
Consensus NIYP--SFDT -L--NGFSY- FID--D---E K-G-LI-IK- P

x EE ok k% % *

FIG. 3. Comparison of amino acid sequences of CotB, CooB, and CfaA. The
conserved amino acids are in capital letters, and the nonconserved ones are in
lowercase letters. Amino acids which are conserved in all three proteins are
indicated by a * under the consensus sequence. The arrow above the line marks
the predicted site of cleavage of the signal peptide. The analysis was done with
the PILEUP algorithm in the Genetics Computer Group software.

(bp 499 to 1212), which is 714 nucleotides in length, is pre-
ceded by a potential ribosome-binding site (AAGG [11, 39])
beginning 16 bases upstream of the AUG start codon. The
predicted CotB protein is 238 amino acids in length and is
expected to have an 18-amino-acid signal sequence (46). Pro-
cessing at the end of this sequence would generate a 24.8-kDa
protein in the periplasm.

cotA. The second gene in the CS2 cluster, called cotA, is 510
nucleotides in length (bases 1255 to 1764). The cotA reading
frame is preceded by a potential ribosome-binding site (TA
AGG [11, 39]), which starts 14 bases upstream of the AUG
start codon. The predicted CotA protein is 170 amino acids in
length and is expected to have a 23-amino-acid signal sequence
(46). Processing at the end of the signal sequence would gen-
erate a 15.4-kDa protein in the periplasm.

cotC. The third gene in the CS2 cluster, called cotC, is 2598
nucleotides in length (bases 1836 to 4433). There is a potential-
ribosomal binding site (AAG [11, 39]) starting 14 bases up-
stream of the AUG start codon. The mature protein is ex-
pected to be 94.6 kDa in the periplasm after cleavage of a
predicted 26-amino-acid signal sequence (46).

cotD. The fourth open reading frame, cotD, is 1,092 nucle-
otides in length (bases 4451 to 5542). The only start codon with
a region predicted to be a ribosome-binding site at the proper
distance upstream is the less frequently used start codon UUG.
The potential ribosomal-binding site (GAGGT [11, 39]) starts
10 bases upstream from this. The predicted 364-amino-acid
protein is expected to have an 18-amino-acid signal sequence
(46), whose cleavage would generate a 38.9-kDa protein in the
periplasm.

Homologies. A search of the combined GenBank databases
with the Blast software showed that CotB, CotA, CotC, and
CotD have significant homology with the gene products of the
CS1 and CFA/I pilin gene clusters (10, 12, 17, 18, 27).

The product of the first gene in the cluster, CotB, is homol-
ogous to the products of the first genes in the CS1 and CFA/I
gene clusters, CooB and CfaA, respectively (12, 17). Mature
CotB is 54% identical and 72% similar to mature CooB and
52% identical and 71% similar to mature CfaA (Fig. 3).

CotA shows significant homology to the major pilin proteins
of CS1 (CooA) and CFA/I (CfaB) (Fig. 4) (12, 27). All three
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CothA MKLnKiIGAL vLsstFVsMG ASI;LaEKNITV TASVDPTIDL MOSDGtALPS (50)
CooA MKLKKTIGAM ALaTLFatMG ASAVEKtIsV TASVDPTVDL LQSDGsALPn (50)
CfaB MKFKKTIGAM ALtTMFVavs "ASAVEKNITV TASVDPalIDL LQaDGnALPS (50)

Consensus MKLKKTIGAM AL-T-FV-MG ASAVEKNITV TASVDPTIDL LQSDG-ALPS

Tk ok kkkk ok * kK Kk ok ok kR kkk Ak kA Ak

CotA AVniAYlPge KrFPESaRINT QVHTNnkTKG IgIKLtnDnv VMTNlsdPsk (100)
CooA sVaLtYSPAv nnFEahtINT vVHTNDsdKG VVVKLs.adP VLsNVLNPT1 (99)
CfaB AVKLAYSPAs KtFESyRVmT OVHTNDaTKk VIVKLa.DtP gLTdVLNsTv (99)

Consensus AV-LAYSPA- K-FES-RINT QVHTND-TKG V-VKL--D-P VLTNVLNPT-

* P e * Kk kEEk ok kR %

CotA tIPleVSFAG tkLSTaAtsI tAdgLNFgAa GVetVSaTkE LVInAgsTq. (149)
CooA QIPVSVNFAG kpLSTTgitl DsndLNFasS GVNkVSSTQk LsIhAdATrv (149)
CfaB OmPISVSWgG qvLSTTAkef EAaalgYsAS GVNgVSSsQE LVIsA.Apkt (148)

Consensus QIP-SVSFAG --LSTTA--I -A--LNF-AS GVN-VSSTQE LVI-A-AT--

R Frk * ok o

CotA .gTnivAGNY QGLVSIVLTq ep (170}
CooA tGgALTAGqY QGLVSIILTk st (171)
CfaB aGTApTAGNY sGVVS1VMT1 gs (170)

Consensus -GTA-TAGNY QGLVSIVLT- --

ok kh Rk

FIG. 4. Comparison of amino acid sequences of CotA, CooA, and CfaB. The
symbols and analyses are as in Fig. 3.

are coded for by the second gene in their respective gene
clusters. Mature CotA is 50% identical and 64% similar to
mature CooA and 51% identical and 68% similar to mature
CfaB (Fig. 4). The first 30 amino acids of the predicted mature
CotA protein correspond to the N-terminal 30 amino acids
determined for the CS2 antigen (42). Unlike many other pilins,
CotA, CooA, and CfaB have no cysteines.

The predicted CotC protein shows homology with proteins
encoded by the third genes in the CS1 and CFA/I gene clusters,
CooC and CfaC, respectively (Fig. 5) (10, 18). As was found
with CooC and CfaC (10), there is not much homology be-
tween CotC and its relatives in the regions containing the
signal sequence (Fig. 5). However, mature CotC is 58% iden-
tical and 73% similar to mature CooC and 56% identical and
72% similar to mature CfaC (Fig. 5).

The product of the fourth gene in the CS2 cluster, CotD, is
homologous to the proteins encoded by the fourth genes of the
CS1 and CFA/T gene clusters, CooD and CfaE, respectively
(10, 18). Mature CotD is 52% identical and 67% similar to
mature CooD and 50% identical and 68% similar to mature
CfaE (Fig. 6).

Complementation. Since the gene products needed for CS2
and CS1 pili production are homologous, we wished to deter-
mine whether they could complement each other for produc-
tion of pili. Compatible plasmids containing the A and B genes
from one cluster and the C and D genes from the other were
constructed (see Materials and Methods). In these plasmids,
the coo and cot genes were expressed from the lac promoter
(see Materials and Methods) (Table 1; Fig. 1).

All complementation experiments were done with mutants
of the ETEC-derived strain LMC10, which has the genes for
CS1 pili. Two mutants of LMC10 were used. The first, JEF100,
expresses no coo gene products because it contains an omega
insertion in the first gene in the cluster, cooB, which is polar on
the downstream genes (Fig. 1) (38). JEF100 does not provide
CooA detectable on Western blots of whole-cell extracts (Fig.
7A, lane 1). We showed previously that JEF100 does not ex-
press pili and that the coo genes can act in trans to complement
this mutant for production of CS1 pili (38). In the complemen-
tation test, the cot4 and cotB products were produced from
pEUS555 and the cooC and cooD products were produced from
pEU478 in the JEF100 background (Fig. 1). Western blot
analysis indicates that JEF100/pEUS555/pEU478 produced no
detectable CooA (Fig. 7A, lane 4) but produced CotA as
expected (Fig. 7B, lane 3). The JEF100 strain with either plas-
mid alone produced no CooA protein (Fig. 7A, lanes 2 and 3)
and produced CotA protein only when pEUSS55 was present
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CotC M. .rafNKIt VEI1fipGlC fthGleéKk nIPEeFiDLW mEQDELLEVNn (48)
CooC MiggKssKVV Iv18V1iGss sGfaskynlv DIPESFRDLW GEQDELLEVIr (50)
cfac MkhkKkNrlv vaISvalipY iGvtG..... DIPDSFRDLW GEQDEFYEVk (45}
Consensus M---K-NK-V V-I8V--G-- -G--G----- DIPESFRDLW GEQDELLEV-

* * * FRE ok Whk KAKKE Kk
CotC LYGrSLGVHR VITTPTTVKF sSvEeILEKI NVKgEKkeDL RsLLlgSYSR  (98)
CooC LYGQSLGVHR IKsSTPTTVaF eSPDnlLDKI eInKgKEaDL RVLMrgSFgR (100)
CfaC LYGQtLGIHR IKTTPThIKF ySPESILDKI N1KKEKEKEL sVFFtnSFSR (95)
Consensus LYGQSLGVHR IKTTPTTVKF -SPE-ILDKI N-KKEKE-DL RVL---SFSR

Ak kkkkdk K KKk ok o,k K KkkK * wk * *k x
CotC NGNMSCnGFd ekeYsCNYIr TATVnVIVDE enNeLNLFIG asFLsvgAgD (148)
CooC NGNMSCQGYT g.QnNCNYIK TnTVaVIVDD VENVLNLFIG NEFLaSgenD (149)
Ccfac NGNMSCQGNT tiQYNCNYIK TksVAVIVDD VDNVVNLFIG NEFLdSeAhn (145)
Consensus NGNMSCQG-T --QYNCNYIK T-TV-VIVDD V-NVLNLFIG NEFL-S-A-D

kkkokk K KKK kK kkkkk * kR *k
CotC niYYQOkniNs eKAFIHSQTI NFSESegYKs LS1kGvGAQG 1TENSY1VFG (198)
CooC sDYYQpSkNt KKAFIHSQTI NLSDtGnYen LSIVGtGsLG ITDNSYAILG (199)
cfac dEYhQ1SrNv KKAFIgSQTI NLSDSGkYKr LSIsGnsALG ITDLSYAVLn (195)
Consensus ~-YYQ-S-N- KKAFIHSQOTI NLSDSG-YK- LSI-G-GALG ITDNSYAVLG

* % * kkkk Akkk KKEE * % * * kk kk kK

CotC WAAiYNsSrk YtYknQSINn iYYRyDFDKk YYYQLGRMDR SDLSsaSSGN (248)
CooC WaANYNryks YnYNEQSINS LYFRHDFEKn FYYQLGRiDR SDLSQSSgGN (249)
cfac WwmNYNkSng YsnNEktINS LYFRHDLDKr YYYQFGRMDR tDLSQSiSGs (245)

Consensus W-ANYN-S-- Y-YNEQSINS LYFRHDFDK- YYYQLGRMDR SDLSQSSSGN

ek M Sk ke wkAE  AKERERE Kk KAK Kk
cote FNFNMLPLPD IDGEqiGTTQ SYIKNiEKSI sSPVTVMLTr FSRVEAFRNE (298)
CooC FNFALLPVPD IyGmRaGTTQ SYIKNTGKSV ASPVTIMLTh FSRVEAYRNg (299)
cfac FNFNLLPLPD IDGiRtGTTQ SYIKNTDKEI ASPVTVMLTn FSRVEAFRND (295)
Consensus FNFNLLPLPD IDG-R-GTTQ SYIKNT-KSI ASPVTVMLT- FSRVEAFRN-

Wk Rk ok kK RkAR KKAKR Kk KKRARERE X KKARAKAE
CotC eLLGVWYLnS GINDLDTsRL PDGSYDLtLK IFEQDiLVRE EKVPFNKGGa (348)
CooC QLLGVWYLDa GISELDTeRL PDGNYDLKLK IFEQEQLVRE EIVPFNKSGS (349)
cfaC QLLGVWYLDS GVNELDTaRL PyGSYDLKLK IFEntQLVRE EITPFNKGrS (345)
Consensus QLLGVWYLDS GINELDT-RL PDGSYDLKLK IFEQ-QLVRE EIVEFNKGGS

KAEREAE o E KAk k% k k kAR Rk KEK | AKKE K kekkk
CotC SEGDMOWDVF aQAGNIVNnN DsYIEKQtNk KtgINaGiRt PVTRNLS£1Q (398)
CooC SIGDthWDVF VQAGAIINDN gRYVEKQKNH KSaINsGLRL P1TRNLaVQl (399)
cfac SIGDMQWDIF VOGGNIVNDN DRYIEKQNNH KSsINtGLRL PITKNiSVQO (395)
Consensus SIGDMQWDVF VQAGNIVNDN DRYIEKQ-NH KS-IN-GLRL P-TRNLSVQQ

WKk kKR E K xRk K Rkekr k% %k x Kk 4 %
cotC GGAIIDNAKY YEaGVnWrSG FLDGvLsgnF SFLYGDGArG NYQNISYTDG (448)
cooC GGAVIDNKnY YEtGI1WNSG LLDGSLNSKF tFLFGDAthG NYQNVSYTDG (449)
cfac GVSVIDNKSY YEgslkWNSG iLsGSLNSeF SFLWGDNAKG NYQsISYTDG (445)
Consensus GGAVIDNK-Y YE-G--WNSG -LDGSLNS-F SFL-GD-A-G NYQNISYTDG

v xakk b A4 Kok ok ok k% kR ke K hkx KAKEER
cotC FnLSFYrNDK sVDNCshNYs AGWSGCYESY SESLSVPVSG WTtTLGYnhT (498)
CooC FSLSFYHNDK RVDACGkdYN mGWSGCYESY SASLSIPVKG WnSTLaYSnT (499)
cfac FSLSFYHNDK RVDNCGrNYN AGWSGCYESY SASLSIPL1G WTSTLGYSAT (495)

Consensug FSLSFYHNDK RVDNCG-NYN AGWSGCYESY SASLSIPV-G WTSTLGYS-T

* ko KEX kk K * Khkkkkkkkh K kkk*k % K kk ok ok

CotC nnEavVhKYDy tpEY..Ffsk kYKGvsKRWQ LTSSsSyKWM DYhViPTIGV (546)

CooC YStSVYrYDa vSEYvpY..y YYKGRTKRWQ LTaSTvvrWg DYNIMPTIGV (547)
cfacC YSESVYKshi 1SEYgfYngn iYKGRTQRWQ LTSSTS1KWM DYNfMPaIGI (545)
Consensus YSESVYKYD- -SEY--Y--- -YKGRTKRWQ LTSSTS-KWM DYN-MPTIGV
* % *kx *xE KE * * k% * kA%

CotC YrSDQsrWsE gGGYFSLsFT RVkensaiNA GYSYNYvkhk nathEAF1DG (596)
CooC YNSEQkQWaD KGGYLSLTLT RVAggkSLNA GYSYNYSRGN YtSNDAFVEG (597)
CfaC YNSEQrQltD KGGYiSvTiT RasrenSLNt CGYSYNYSRGN YsSNELFVDG (595)
Consensus YNSEQ-QW-D KGGY-SLT-T RV----SLNA GYSYNYSRGN Y-SNEAFVDG

5 kkx T * % H kkkERR T
CotC riT.TNtfgY sELGSRINtN knNTEaGVtG RVKNRFGDLN GSLNVNKskt (645)
CooC hLvSdtNvsY rELsaRVsgN RyyTEGGVSG RINNRFGDLN GtLNVNKNRk (647)
cfaC YMTSTNNgdY hEaGmRENKN RhNaEGrlSG RINNRFGDLN GSFsmNKNRn (645)
Consensus --TSTNN--Y -ELG-R-N-N R-NTEGGVSG RINNRFGDLN GSLNVNKNR-

* % * * * Hokk kkEEKER K K kk
CotC SgkmTHSMsA nYNSSFAITg DsVYWGGAAS GLTKLSGGVV nVrSdDksKE (695)
CooC ShATTHSLTA GYsSSFALTt DGIYWGGSAS GLTnLSGGIV rVKSNEdesE (697)
CfacC tnsTnHSLTg GYNSSFALTs DGfYWGGSta GLTKLaGGII kVKSNDtkKn (695)
Consensus S--TTHSLTA GYNSSFALT- DG-YWGGSAS GLTKLSGGIV -VKSND--KE
*kk * okkkE Kk RKAK KKk ok xKkk £ K K

CotC LIKIsGSSYG nYiLGSNDrs FIPVsSALMPs nLTIEEigsn DKNItVgAls (745)
CooC L1nvkGSSYG hYSLGSNDsl FIPVPALMgA SLTIEENtnk sKNIAVLAPT (747)
cfacC LVKVEGt1YG dYSLGSNDna FIPVPALtPA SLiIEDNnyg DnNIsILAPT (745)
Consensus L-KV-GSSYG -YSLGSND-- FIPVPALMPA SLTIEEN--- DKNI-VLAPT

ok ok Kk F kEkERE Kk kR * ok kx x x
CotC KNDFFiLPGN VFPIDVtANV tVSYIGRaLD dKGnPLSnAH ILdvhgVrLD (795}
CooC KNtFFMLPGs VYPIDVeANV SftYVGRGVD vKGrPLSGAy ILNagnIVLD (797}
cfacC nNDmFMLPGN VYPVEIetkV SVSYIGRGFD pnGtPLSGAH VLNephVILD (795)
Consensus KNDFFMLPGN VYPIDV-ANV SVSYIGRG-D -KG-PLSGAH ILN---V-LD

Kk kkx kkkkkk * wkkk Kk * kkk ok xk * k%
CotC EDGGFSFEtS agkKsLFLLK DKAIYSCdvk KyDLRsGV1F tGD1ICEhsg (845)
CooC EnGGFSFEsS eNEKeLFLLK DKTIYSCsLd rsEMRnGIaF VGEVaCnsti (847)
Ccfac EDGGFSFEyt gNEKtLFLLK grTIYtCqLg KnkvhkGIVF VGDVICDins (845)
Consensus EDGGFSFE-S -NEK-LFLLK DKTIYSC-L- K---R-GI-F VGDVIC----

d kKKK * kkkEk P *k K k% %
CotC iErLgkDLVn NPRVKQLLAY k.... (866)
CooC kE1LPEKLVt NSRIhDLLAY Ngdte (872)
CfaC tssLPDEFVk NPRVQDLLAk Ndkg. (869)
Consensus -E-LP--LV- NPRV-DLLAY N----

* Kk Kk Kk KKK

FIG. 5. Comparison of amino acid sequences of CotC, CooC, and CfaC. The
symbols and analyses are as in Fig. 3, except that the arrow above the line marks
the predicted site of cleavage of the signal peptide only for CotC. The predicted
cleavage sites for CooC and CfaC have been described previously (10, 18).
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CotD LKKViFVLSM FLcSq. .vYg qSwhtNvEag siNkTeSIGP idrsaaaSyP (48)
CooD MKKIFifLSi iFSa..... v VSAgryPEtt vgNLTkSfga prlDRsvgSP (45)
CcfakE MnKILFIFtL FFSSgfftFa VSAdkNPgs. .eNMTntIGP h..DRggSSP (46)
Consensus MKKI-F-LS- FFSS------ VSA--NPE-- --N-T-SIGP ---DR--SSP

CotD ahyIFheHVA GYNkJdHSLFD RMELFLCMSSt daskGACPTg EnSkss..qG (96)
CooD IYNIFtnHVA GYslSHSLYD RivFLCtSSs NpvNGACPTi gtSGvqy..G (93)
Cfag IYNILnsylt a¥YNgSHhLYD RMsFLCLSSq Nt1NGACPss DapGtatidG (96)
Consensus IYNIF--HVA GYN-SHSLYD RM-FLC-SS- N--NGACPT- --SG----- G

CotD ETNIKLiFTE KkSLarktLN LKGYKrFLYE sdrCihYvdK MnLNShtvkC (146)
CooD tTLITLOFTE KRSLIKRniN LaGnKkpiWE NgsC.dFsnl MvLNSksWsC (142)
Ccfak ETNITLQFTE KRSLIKReLq iKGYKgQFLFk NanC LaLNSshFqC (143)

Consensus ETNITLQFTE KRSLIKR-LN LKGYK-FL-E N--C

CotD vg.sftrGvd FtLYIPQGEI dgLltGGIWE ATLeLRVKRh YDy...nhGT (192)
CooD gahgnAnGtl LnLYIPAGEI NKLPFGGIWE ATLiLRlsRy gEvssThYGn (192)
CfakE n.regAsGat LsLYIPAGEl NKLPFGGVWn AvLkLnVKRr YD...TtYGT (189)
Consensus ----- A-G-- L-LYIPAGEI NKLPFGGIWE ATL-LRVKR- YD---T-YGT

CotD YKVNITVDLT DKGNIQVWtP kKFHSAPRIDL NLRPeGNGKY SGSNVLEMCL (242)
CooD YTVNITVDLT DKGNIQVWLP gFHSNPRVDL NLRPiGNyKY SGSNSLDMCF (242)
CfaE YTINITVNLT DKGNIQIWLP ¢FkSNaRVDL NLRPtGgGtY iGrNSvDMCF (239)

Consensus YTVNITVDLT DKGNIQVWLP -FHSNPRVDL NLRP-GNGKY SGSNSLDMCF

CotD YDGYSThSqS iEmRFQDDsq TgnnEYNLiK tGEplKkLPY kLSLLLGGre (292)
CooD YDGYSTNSAS MvIkFQDDNp TnssEYNLyK IGgteK.LPY avSLLMGeKi (291)
CfakE YDGYSTNSsS LEIRFQDDNs ksdgkFyLKkK InDdsKeLvY tLSLLLaGKn (289)

Consensus  YDGYSTNS-S -EIRFQDDN- T--~EYNL-K IG---K-LPY -LSLLLGGK-

CotD FYPnNGeAFT INDtSsLfiN WNRIksVsLP gISIPVLCWP AnLtFmsELN (342)
CooD FYPVNGQSFT INDsSvLETN WNRVTAVaMP EVnVPVLCWP ARLILnADVN (341)
CfaE LEPENGQALn INtaS.LETN WNRITAVEMP EISVPVLCWP gRLqLAAkVk (338)

Consensus FYP-NGQAFT IND-S-LETN WNRITAV-MP EISVPVLCWP ARL-L-A-VN

CotD aPDAGQYSGq IyITFTPSSS SL (364)
CooD NPEAGQYmGn IKITFTPSSqg tL (363)
CfaE NPEAGeYSGi LnVTFTPSSS SL (360)

Consensus NPEAGQYSG- I-ITFTPSSS SL

FIG. 6. Comparison of amino acid sequences of CotD, CooD, and CfaE. The
symbols and analyses are as in Fig. 3, except that the arrow above the line marks
the predicted site of cleavage of the signal peptide only for CotD; those for CooD
and CfaE have been identified previously (10, 18).

(Fig. 7B, lanes 1 and 2). Although JEF100 carrying either
plasmid alone produced no visible pili (data not shown),
JEF100/pEU555/pEU478 was highly piliated (Fig. 8A). This
indicates that cot4 and cotB can interact with cooC and cooD
to form visible pili. That JEF100/pEU555/pEU478 has CS2
and not CS1 pili was confirmed by immunogold electron mi-
croscopy (Fig. 8A; data not shown for anti-CS1).

For the reciprocal experiment, a different mutant derived
from LMC10 was used. Strain FAKO01 contains an omega
insertion in cooC (Fig. 1), so it expresses no CooC and little or
no CooD (10). In the presence of a plasmid producing Rns, the
positive regulator of the CS1 and CS2 genes, FAK001 ex-
presses CooB and CooA (10). FAK001/pEU2040 (a plasmid
producing Rns) expresses cooA (Fig. 7A, lane 5) but makes no
visible pili (Fig. 8B). In the homologous complementation, pili
are visible. Strain FAKO001 carrying pEU2030 (which expresses
Rns) and pEU478 (which expresses CooC and CooD) ex-

TABLE 1. Complementation

Gene”
Strain Pili present
B A C D
JEF100 - - - -
JEF100/pEUS555/pEU478 cot* cot* coo* coo* +
FAKO001/pEU2040 coo oo -
FAKO001/pEU2030/pEU478  coo  coo coo* coo* +
FAKO001/pEU2040/pEUS582  coo  coo  cot*  cot* +

“The column headings list the genes in the order in which they occur in the
gene clusters. For each complementation, the allele present (coo or cot) is
indicated for each gene. The alleles labeled with * are cloned under the lac
promoter. The other genes are in their wild-type location and require rns,
provided on pEU2040 or pEU2030, for expression.
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FIG. 7. Western immunoblots with anti-CS1 and anti-CS2 antisera. Molec-
ular weights (in thousands) determined by a lane containing markers are indi-
cated on the left of the figure. The locations of CooA and CotA are indicated by
arrows on the right of the figure. (A) Whole-cell extracts reacted with anti-CS1.
Lanes contain extracts of 1. JEF100 (lane 1), JEF100/pEU478 (lane 2), JEF100/
pEUS5S (lane 3), JEF100/pEUS55/pEU478 (lane 4), FAK001/pEU2040 (lane 5),
FAK001/pEU2030/pEU478 (lane 6), and FAK001/pEU2040/pEU582 (lane 7).
(B) Whole-cell extracts reacted with anti-CS2. Lanes contain extracts of JEF100/
pEU478 (lane 1), JEF100/pEUS55 (lane 2), and JEF100/pEUS55/pEU478 (lane
3).

presses CooA (Fig. 7A, lane 6) and is highly piliated (Fig. 8C)
(10). In the heterologous complementation, when pEUS582,
which encodes cotC and cotD, is present in FAK001/pEU2040,
CooA is expressed (Fig. 7A, lane 7) and many pili are also
visible (Fig. 8D). Thus, cooA and cooB can also interact with
cotC and cotD to form pili. Immunogold electron microscopy
confirmed the presence of CS1 and absence of CS2 pili on
FAKO001/pEU2030/pEU478 (Fig. 8C) and FAK001/pEU2040/
pEUS82 (Fig. 8D; data not shown for anti-CS2).

DNA sequence upstream and downstream of the CS2 gene
cluster. The region upstream of the CS2 gene cluster is of
interest because it contains the promoter for at least the first
gene (cotB) of the CS2 gene cluster and possibly includes
regulatory elements. Part of this region (bases 1 to 369) is 99%
homologous with the last 369 bases of the IS3 insertion se-
quence (45). Directly following the IS3 homology is a region
(bases 369 to 401) which is 100% homologous with bases 73 to
41 of IS7 (26). There is a potential promoter (bases 422 to 451)
upstream of the CotB open reading frame (which begins at
base 499). This promoter is very likely to be utilized, since both
the —35 (eTGACA) and the —10 (TATcAT) regions match
the consensus in 5 of 6 bases and the spacing of 18 bases
between the two regions is acceptable (13, 28).

Downstream of the cot gene cluster, 253 bp was sequenced.
There are no open reading frames in this region, and a search
of the GenBank database showed no significant homologies
with it.

DISCUSSION

The sequence of the four cot gene products needed for
production of CS2 pili by E. coli K-12 shows them to be related
to the coo gene products for CS1 pili and the cfa gene products
for CFA/I pili. The predicted hydrophobicity plot of each of
the cot gene products is very similar to the hydrophobicity plot
predicted for its homologs. These three types of pili found on
different ETEC strains isolated from human infections are
clearly members of the same family. For all four genes in this
family, there are regions conserved in all three members of the
pilus family interspersed with nonhomologous regions (Fig. 3
to 6). These highly conserved regions are likely to be important
for protein structure and function.

In addition to the homology found between CotA and the
CS1 and CFA/I major pilin proteins CooA and CfaB, the
N-terminal amino acid sequences of the CS4 and PCF0166
pilin proteins are also homologous (43, 49). All of these pili are
found on ETEC strains associated with human disease. Amino
acids 2 to 20 of the mature CotA protein are 73% identical and
84% similar to amino acids 2 to 20 of the CS4 pilin. Comparing
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PCF0166 with CotA, amino acids 2 to 25 of the mature pro-
teins are 79% identical and 100% similar. At this time, only the
N-terminal sequences of the CS4 and PCF0166 pilin proteins
are known, so it is possible that the homology extends over the
entire proteins. These homologies suggest that CS4 and
PCF0166 pili may be additional members of the same family as
CS1, CS2, and CFA/L

The major pilin proteins, CotA, CooA, and CfaB, are sero-
logically different, although weak cross-reactivity has been re-
ported among some of them (22). In addition, the predicted
sequences of the proteins encoded by each of the other genes
needed to produce pili show some differences (Fig. 3, 5, and 6).
For the major pilin antigen (the second gene in each cluster)
and the protein encoded by the third gene of each cluster, the
predicted pl values of the homologs are similar (second gene:
CotA, 4.86; CooA, 5.5; CfaB, 5.09; and third gene: CotC, 6.53;
CooC, 5.36; CfaC, 6.88). However, for the first gene in each
cluster, there is a large difference in the predicted pl values
between CotB (plI 8.6) and the other two, CooB (pI 10.3) and
CfaA (pI 10.2). Similarly, for the last gene in the clusters, there
is a large difference in pl values predicted for one of the family
members. The predicted pl of CfaE is 9.2, while the predicted
values for the CooD and CotD proteins are 7.1 and 7.0, re-
spectively. Because neither the three-dimensional structures
nor the functions of these proteins are known, it is too early to
suggest the possible significance of the differences in predicted
pI values.

The only one of the proteins encoded by the CS1, CS2, and
CFA/T gene clusters whose function can be predicted from
sequence analysis is CotC and its homologs CooC and CfaC.
These proteins have several properties in common with those
of outer membrane proteins (15, 24). All three proteins are
predicted to have high beta-sheet and low alpha-helix content
(30, 31, 34). They also have a high content of charged amino
acids and are predicted to have no extensive hydrophobic re-
gions. Therefore, we expect that CotC, CooC, and CfaC are
outer membrane proteins.

Some limited homology was found between CotC and some
characterized outer membrane proteins. Among these, the
gene product with the most homology to CotC (and also to
CooC and CfaC) is CfalA of Yersinia pestis, which encodes a
protein involved in capsule biogenesis. This process is thought
to be similar to formation of pili (19), and the CfalA protein
has some homology to PapC, an outer membrane protein re-
quired for dissociation of the pap pilin from the PapD chap-
eronin and for addition of the pilin subunits in the correct
order to form a pilus structure (7). Two other gene products
with some limited homology to CotC are FanD and FimD.
These are large outer membrane proteins required, respec-
tively, for assembly of K99 pili of ETEC strains from animals
and type 1 pili of Salmonella typhimurium (29; Swenson and
Clegg accession number P37924). Both FanD and FimD also
show homology to PapC. These homologies suggest that CotC
is an outer membrane protein needed for export and assembly
of the CS2 pili. In agreement with this hypothesis, we have
shown previously that CooC is required for assembly of the
CS1 pili (10). Because of its probable localization in the outer
membrane and because of the predicted large size of CotC,
comparison with other pilus systems would suggest that CotC
is probably involved in transport of the growing pili through
the outer membrane of E. coli.

The success of cross-complementation in the ETEC strain
between pilus proteins with analogous functions presumably
depends on local similarities at the regions important for their
interaction with the other proteins needed for pilus formation.
Even in systems in which the function of the proteins is better
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FIG. 8. Electron micrographs. JEF100/pEUS555/pEU478 was incubated with anti-CS2 as discussed in Materials and Methods. FAK001/pEU2030/pEU478 and
FAKO001/pEU2040/pEU582 were incubated with anti-CS1. All three strains were then incubated with gold-conjugated goat anti-rabbit immunoglobulin G. (A)
JEF100/pEUS55/pEUA478; (B) FAK001/pEU2040; (C) FAK001/pEU2030/pEU478; (D) FAK001/pEU2040/pEUS582. For a description of which CS1 and CS2 genes are

present in each strain, see Table 1 and Fig. 1. Bar, 0.2 pm.

understood than that of human ETEC pili, it has not been
possible to predict the results of cross-complementation exper-
iments. For example, the genes for the pap chaperone (papD)
and the type 1 chaperone (fimC), which are only 32% identical,
complement in only one direction. The wild-type papD com-
plements a mutation in fimC, resulting in production of type 1
pili, but wild-type fimC is unable to complement a papD mu-

tation (16). On the other hand, although their products are
68% identical, fimC and focC (which encodes the chaperone of
F1C pili) cannot replace each other unless their cognate usher
protein is present (20). In this work, we have shown that CotC
and CotD can substitute functionally for CooC and CooD, and
vice versa, although they share only about 50% amino acid
identity. This suggests that the major pilins of CS1 and CS2 are
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similar enough for either predicted transport protein to inter-
act with both.

The lack of specificity of the assembly functions of the hu-
man ETEC pili may be useful for design of a vaccine consisting
of an enteric bacterium that can produce several pilus types.
The complementation tests (Table 1) demonstrated that pili
containing CotA can be made by using the CooC and CooD
proteins and, conversely, that pili containing CooA can be
made by using the CotC and CotD proteins. Thus, it appears
that the presence of either version of the C and D proteins will
allow the polymerization of the nonhomologous major pilin
protein. We therefore anticipate that it will be possible for a
vaccine strain expressing either version of the C and D proteins
to produce either both kinds of pili and/or chimeric pili con-
taining mixed subunits. If this is correct and if this complemen-
tation can be extended to the other members of the human
ETEC pilus family, this might greatly facilitate development of
a pilus-based ETEC vaccine.

Many virulence gene clusters appear to have been imported
as a unit into bacteria that may not have previously been
pathogenic. This is deduced from their unusual G+C content
and/or from the presence of insertion sequences flanking them.
The CS2 gene cluster is 39% G+ C, which is significantly lower
than the average for E. coli (50%). Therefore, as we previously
suggested for the CS1 gene cluster (10), the CS2 region may
have been introduced recently into E. coli as a cassette by
transposition.

We had noted previously that the CS1 gene cluster is
bounded by IS-related sequences (10, 37). We have now found
that upstream of the CS2 gene cluster is the 3’ end of an IS3
element (45), and it is possible that a complete IS3 is present.
However, within the 253 bases that have been sequenced
downstream of CS2, no IS-related sequences have been found.
This might indicate that the CS2 gene cluster was not intro-
duced into E. coli on a transposon or that it has been present
in E. coli long enough for the downstream IS to have diverged
more than the sequences flanking the CS1 gene cluster. It is
also possible that an IS remnant is present downstream of the
cot genes but that it does not resemble any currently identified
IS elements. Finally, it is possible that there is an IS element
present further downstream from the CS2 gene cluster.
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