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The pilA gene of Escherichia coli J96 encoding pilin, the structural component of type 1 pili, was sequenced
and found to specify a polypeptide 159 amino acids long preceded by a 23-amino-acid signal peptide. As
determined from the DNA sequence, the mature peptide lacked tryptophane and methionine, two amino acids
previously shown to be lacking in type 1 pili from E. coli. Also, the amino-terminal sequence of amino acids
inferred from the DNA sequence corresponded to earlier 20-amino-acid amino-terminal sequences determined
by protein sequencing. In addition, piliation was abolished after a mutation was introduced into the pilA coding
region in vitro. A possible site for initiation of transcription and a possible site encoding translation initiation
were suggested 85 and 7 base pairs, respectively, from the pilA start codon. There appeared to be scant DNA
sequence homology and scant amino acid sequence homology between type 1 piin and other pilin species
isolated from uropathogenic and enteropathogenic E. coli.

Type 1 pili are a class of filamentous, proteinaceous
appendages of Escherichia coli and other gram-negative
enteric bacteria (3) that mediate a mannose-sensitive attach-
ment of the bacteria to a variety of eucaryotic cells (20). The
novel genetic control (4, 7, 22), assembly (21), and receptor
binding activity of type 1 pili provide a unique model system
for studying the regulation of gene expression, membrane
protein translocation, protein-protein interactions, and re-

ceptor-ligand interactions. In addition, examination of the
adhesive properties of type 1 pili may contribute to under-
standing the role that adhesion plays in the pathogensis of
extraintestinal infectious disease caused by E. coli.
We have previously located and characterized several

genes involved in type 1 pilus expression (21, 22) (see Fig.
1). We found that at least two genes, pilB and pilC, encoded
polypeptides that are involved in the assembly of a third
gene product, pilin (the pilA gene product), into pili. A
fourth gene, hyp, encodes a polypeptide involved in the
regulation of piliation (22). A fifth gene, pilD, encodes a

polypeptide that is related to pilin immunologically but is of
uncertain function (21). In this report we present the nucle-
otide sequence of pilA and the primary sequence of amino
acids composing the mature protein and the signal peptide.
The pilA gene was isolated by subcloning overlapping

restriction endonuclease-generated DNA fragments from
pSH2 containing Tn5 insertions H16 and H21 on either side
of the pilA gene (21), producing clones pORN119 and
pORN120 (Fig. 1). The nucleotide sequence was determined
by the procedure of Maxam and Gilbert (18). The regions
sequenced are shown in Fig. 1. Figure 2 shows the nucleo-
tide sequence as well as the predicted amino acid sequence
for an open reading frame of 546 base pairs (bp).
The predicted start codon of pilA (bp 281; Fig. 2) was

preceded by a five-nucleotide sequence (bp 269 to 273; Fig.
2) that has been associated with coding for ribosome binding
(10). In addition, we suspect that transcription initiation may
occur in the region from bp 41 to 267 (Fig. 2), since deletions
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of this region result in a drastic lowering of piliation (21, 22;
and our unpublished observations). We have examined the
region from bp 41 to 267 for possible transcription initiation
sites and have suggested a site at bp 188 (-10 region) and bp
164 (-35 region) (Fig. 2), based upon the sequence similarity
to other procaryotic initiation sites (25). However, we have
no direct experimental evidence that the suggested promoter
is used.
A signal peptide of 22 to 25 amino acids was predicted for

type 1 pili from our earlier biochemical studies (21), and
indeed, a 23-amino-acid signal sequence was indicated from
the DNA sequence (bp 281 to 350; Fig. 2). The signal
sequence of type 1 pilin is similar in amino acid composition,
hydrophobicity, and the position of charged residues to
signal sequences of several other procaryotic envelope pro-
teins (12). The start of the mature protein (bp 350, amino
acid position + 1; Fig. 2) was inferred from published 20-ami-
no-acid, amino-terminal sequences of E. coli type 1 pilin (9,
11) and from the unpublished 20-amino-acid, amino-terminal
sequence of pilin produced from pSH2 (G. Schoolnik, De-
partment of Medical Microbiology, Stanford University,
Stanford, Calif., personal communication). The 20-amino-
acid sequences from the literature sources and from our
cloned gene were the same. The amino acids specified by the
DNA sequence were identical to those found for the first 20
amino acids determined by protein sequencing. The mature
pilin protein, as predicted from the DNA sequence, lacks
methionine and tryptophane, correlating exactly with what
has been found in amino acid composition determinations (3;
G. Schoolnik, personal communication). Also, as predicted
from the DNA sequence, the mature protein has two cyste-
ine residues, at amino acid positions 21 and 61 (Fig. 2),
which may form a disulfide bridge similar to that inferred for
gonococcal pili (24), K99 pili (23), and Pap pili (1).
To confirm that the sequenced region did indeed encode

the structural subunit of type 1 pili, we took advantage of the
nucleotide sequence to introduce a mutation into the pilA
gene. We note that in our prior description of the genes for
type 1 piliation, the structural gene was inferred by subclon-
ing of the region containing pilA and identification of the
gene product (21). No mutations in pilA were obtained at
that time. A genetic lesion was produced in pilA by the
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FIG. 1. The pSH2 plasmid and the sequenced region. Restriction endonuclease sites in IS50 (13) of Tn5 insertion mutants H16 and H21
were used to subclone the region containing pilA. The pORN120 plasmid contained the carboxyterminal region of pilA from the HpaI site to
the HindIll site in IS50 of TnS insertion H16. The pORN119 plasmid contained the aminoterminus of pilA and encompassed the region from
PstI in pilA to the XhoI site in IS50 of insertion H21. Both plasmids were constructed by using pBR322 (2) as the plasmid replicon. The two
regions were ligated to the EcoRI site in pBR322 after treatment of the restriction fragments with DNA polymerase I and addition of synthetic
EcoRI "'linkers" (17). The lowest bar in the figure represents a portion of the region sequenced covering the pilA structural gene and the
presumptive promoter region (see Fig. 2). The arrows designate the sequencing strategy.
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ACGTTTCTGT GGCTCGACGC ATCTTCCTCA TTCTTCTCTC CAAAAACCAC CTCATGCAAT ATAAACATCT

100

ATAAATAAAG ATAACAAATA GAATATTAAG CCAACAAATA AACTGAAAAA GTTTGTCCGC GATGCTTTAC

150 HinfI 200

CTCTATGAGT CAAAATGGCC CCAATGTTTC ATCTTTTGGG GGAAACTGTG CAGTGTTGGC AGTCAAACTC
- ~~ ~~~~~~35-10

TaqI250

GTTGACAAAC AAAGTGTACA GAACGACTGC CCATGTCGAT TTAGAAATAG TTTTTTGAM GGAAGCAGC

300
ATG AAA ATT AAA ACT CTG GCA ATC GTT GTT CTG TCG GCT CTG TCC CTC AGT TCT ACG
MET Lys Ile Lys Thr Leu Ala Ile Val Val Leu Ser Ala Leu Ser Leu Ser Ser Thr
-23 -20 -10

350
ACG GCT CTG GCC GCT GCC ACG ACG GTT MT GGT GGG ACC GTT CAC TTT AAA GGG GAA
Thr Ala Leu Ala Ala Ala Thr Thr Val Asn Gly Gly Thr Val His Phe Lys Gly Glu

-1 +1 1n

400 HpaI MstI Bcll 450
GTT GTT AAC7GCC GCT TGC GCA GTT GAT GCA GGC TCT GTT GAT CAA ACC GTT CAG TTA
Val Val Asn Ala Ala Cys Ala Val Asp Ala Gly Ser Val Asp Gin Thr Val Gin Leu

20 30
500

GGA CAG GTT CGT ACC GCA TCG CTG GCA CAG GAA GGA GCA ACC AGT TCT GCT GTC GGT
Gly Gln Val Arg Thr Ala Ser Leu Ala Gln Glu Gly Ala Thr Ser Ser Ala Val Gly

40 50
PvulI 550

TTT MC ATT CAG CTG MT GAT TGC GAT ACC AAT GTT GCA TCT MA GCC GCT GTT GCC
Phe Asn Ile Gin Leu Asn Asp Cys Asp Thr Asn Val Ala Ser Lys Ala Ala Val Ala

60 70
600 Pstl

TTT TTA GGT ACG GCG ATT GAT GCG GGT CAT ACC AAC GTT CTG GCT CTG CAG AGT TCA
Phe Leu Gly Thr Ala Ile Asp Ala Gly His Thr Asn Val Leu Ala Leu Gin Ser Ser

80 90
PvuII 650
GCT GCG GGT AGC GCA ACA AAC GTT GGT GTG CAG ATC CTG GAC AGA ACG GGT GCT GCG
AXlaAla Gly Ser Ala Thr Asn Val Gly Val Gln Ile Leu Asp Arg Thr Gly Ala Ala

100 110
700

CTG ACG CTG GAT GGT GCG ACA TTT AGT TCA GAA ACA ACC CTG MT MC GGA ACC AAT
Leu Thr Leu Asp Gly Ala Thr Phe Ser Ser Glu Thr Thr Leu Asn Asn Gly Thr Asn

120
750 Smal

ACC ATT CCG TTC CAG GCG CGT TAT TTT GCA ACC GGG GCC GCA ACC CCG GGT GCT GCT
Thr Ile Pro Phe Gln Ala Arg Tyr Phe Ala Thr Gly Ala Ala Thr Pro Gly Ala Ala
130 140

800 AvrlI 850
AAT GCG GAT GCG ACC TTC MG GTT CAG TAT CAA TAA CCT ACC TAG GTTCAGGGACGTTCA
Asn Ala Asp Ala Thr Phe Lys Val Gln Tyr Gln . Pro hrT

150 160

introduction of a synthetic XhoI recognition site into the site
normally recognized by the Pstl endonuclease at bp 611
(Fig. 2). To accomplish this, pSH2 was partially digested
with PstI and linear, full-length DNA isolated (22). The
staggard ends of the PstI site were made flush, and synthetic
XhoI linkers (Collaborative Research, Inc.) were introduced
and ligated to the flush ends as described by Maniatis et al.
(17). This manipulation is predicted to result in the substitu-
tion of two amino acids and the formation of a frame shift
mutation at the XhoI site. The XhoI-linked linear plasmid
was ligated and introduced, by transformation (21), into
strain ORN103 (ORN103 is a recA lacU169 derivative of
P678-54) (21; and our unpublished data). Since the pSH2
plasmid contains two PstI sites, one in pilA and the other
outside the Pil region (Fig. 1), transformants could contain
plasmid DNA possessing an XhoI site at either one of the
PstI sites. All transformants that were scored as Pil- (21)
contained the XhoI site in pitA (10 Pil- isolates were
examined). One plasmid containing the unique XhoI site in
pilA was chosen for further study and was called pORN117.
As evidence of the Pil- phenotype, an electron micrograph
(22) of strain ORN103 containing pORN117 is shown to-
gether with ORN103 containing the parental (pSH2) plasmid
for comparison (Fig. 3).

FIG. 2. The nucleotide sequence of pilA. The nucleotide posi-
tions are designated on the top of the sequence. The amino acid
positions are given below. Only the coding region of pilA is
translated. The amino acids of the signal sequence are given
negative numbers, and the mature protein starts at + 1 and ends with
the first stop codon. A possible -10 and -35 region is denoted with
double lines, as is a possible region encoding ribosome binding site
(S.D.). Selected restriction endonuclease sites are underlined and
designated by their names above the coding sequence.
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Computer-assisted comparison of the nucleotide sequence
and the amino acid sequence of type 1 pilin with K88 pilin
(14), K99 pilin (23), and Pap pilin (1) revealed no striking
regions of similarity in either the nucleotide sequence or the
primary amino acid sequence. Also, comparison of the
amino acid sequence of CFAI pilin (15) with the inferred
amino acid sequence of type 1 pilin revealed no striking
regions of commonality between the two pilin molecules
(data not shown).
The hydrophobic character of type 1 pili was reflected in

the computer-generated hydropathicity profile of pilin (Fig.
4). The hydrophobic nature of type 1 pili has been recog-
nized for some time (3), and it is thought that this hydropho-

A

10

20

30

40

50

60

B

FIG. 3. Electron micrographs of a pilA mutant and a strain
containing the parental plasmid. Electron micrographs were pre-
pared from strain ORN103 containing pSH2 (A) and strain ORN103
containing pORN117 (B) as described previously (22).

FIG. 4. The hydropathicity profile of the mature pilA protein.
Hydropathicity was measured by the method of Kyte and Doolittle
(16), and a computer-assisted tr,acing was made. Areas above the
midpoint are more hydrophobic than those below the 'midpoint.
Values of hydropathicity were calculated across overlapping six
amino acid residues. The values on fhe y axis were calculated by
Kyte and Doolittle (16) and represent a relative measure of
hydropathicity.

bicity contributes to the resistance of type 1 pili to dissoci-
ation into its constituent pilin monomers under conditions
that dissociate other pili (8, 19). Also, the hydrophobicity of
type 1 pili probably contributes to the tendency of type 1
piliated cells to accumulate at the air-water interface during
growth in static broth, forming a pellicle at the surface of the
growth medium (3, 6). One might suspect that the unique
properties oftype 1 pili would be reflected when the hydropa-
thicity and secondary structure (5) profiles of type 1 pili were
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compared with the profiles of other pilin species. This may
indeed be true; however, the profiles suggested to us no
noteworthy dissimilarities in type 1 pilin when compared
with the other pilin species. We hope that our current studies
involving site-directed mutagenesis will better define the
areas of pilin involved in pilin-to-pilin interaction and recep-
tor binding.

We thank G. Schoolnik for providing the amino acid composition
and the amino terminal sequence of type 1 pili.

This work was supported by grant PCM-8306654 from the Na-
tional Science Foundation.

ADDENDUM IN PROOF
While this manuscript was in preparation, the nucleotide

sequence of a different type 1 pilin gene was published (P.
Klemm, Eur. J. Biochem. 143:395-399, 1984). It differed
from the sequence herein described in that it lacked one
codon (ACC) specifying tyrosine at amino acid position 140
(Fig. 2) and had alanine rather than threonine at amino acid
position -4 (Fig. 2) due to a single nucleotide difference.
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