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The Plasmid R64 Thin Pilus Identified as a Type IV Pilus

SU-RYANG KIM anp TERUYA KOMANO*
Department of Biology, Tokyo Metropolitan University, Minamiohsawa, Hachioji, Tokyo 192-03, Japan

Received 14 November 1996/Accepted 2 April 1997

The entire nucleotide sequence of the pil region of the IncI1 plasmid R64 was determined. Analysis of the
sequence indicated that 14 genes, designated pill through pilV, are involved in the formation of the R64 thin
pilus. Protein products of eight pil genes were identified by the maxicell procedure. The pilN product was shown
to be a lipoprotein by an experiment using globomycin. A computer search revealed that several R64 pil genes
have amino acid sequence homology with proteins involved in type IV pilus biogenesis, protein secretion, and
transformation competence. The pilS and pilV products were suggested to be prepilins for the R64 thin pilus,
and the pilU product appears to be a prepilin peptidase. These results suggest that the R64 thin pilus belongs
to the type IV family, specifically group IVB, of pili. The requirement of the pilR and pilU genes for R64 liquid
mating was demonstrated by constructing their frameshift mutations. Comparison of three type IVB pilus
biogenesis systems, the pil system of R64, the toxin-coregulated pilus (tcp) system of Vibrio cholerae, and the
bundle-forming pilus (5fp) system of enteropathogenic Escherichia coli, suggests that they have evolved from a

common ancestral gene system.

Type 1V pili are rod-like surface appendages produced by
gram-negative bacteria such as Pseudomonas aeruginosa, Neis-
seria gonorrhoeae, Moraxella bovis, Myxococcus xanthus, and
Vibrio cholerae, as well as enteropathogenic and enterotoxi-
genic Escherichia coli (for reviews, see references 27, 28, and
35). They are flexible, with a diameter of 6 to 7 nm and a length
of up to 20 pm. They are produced at the polar position of the
bacterial cell. Many type IV pili play important roles in the
attachment of bacterial pathogens to membranes of eukaryotic
host cells, as do the other pili (13, 35). Type IV pili are also
associated with the twitching motility of various bacteria and
with the social motility of myxobacteria (40).

Type IV pili are composed of pilin subunits (35). Pilin mol-
ecules from various bacteria have amino acid sequence homol-
ogy (see Fig. 4E). The type IV pilin family is usually divided
into two groups. Group A consists of pilins from P. aeruginosa,
N. gonorrhoeae, M. bovis, and so on. They are closely related in
amino acid sequence and are produced from prepilin mole-
cules through the cleavage of 6- to 7-amino-acid signal pep-
tides. The N-terminal amino acid of type IVA mature pilins is
phenylalanine and is N methylated. Group B pilins, including
toxin-coregulated pilus (tcp) in V. cholerae (26) and bundle-
forming pilus (bfp) in enteropathogenic E. coli (33, 34), are
substantively different from type IVA pilins. Their signal pep-
tides are longer than those of type IVA pilins. The N-terminal
amino acid of type IVB mature pilins is methionine or leucine.

The C-terminal amino acid (glycine) of signal peptides and
the 5th amino acid (glutamic acid) of mature pilins are com-
pletely conserved among type IVA and type IVB prepilins and
related proteins (see Fig. 4E). A long hydrophobic segment is
present at the N-terminal region of mature pilins. Cleavage of
signal peptides from prepilins is carried out by a signal pepti-
dase, specific for type IV prepilin, such as the PilD protein of
P. aeruginosa (36). N methylation of mature pilins is also per-
formed by the same signal peptidase protein.

Various extracellular protein secretion systems of gram-neg-
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ative bacteria and DNA uptake systems of gram-positive bac-
teria are known to produce proteins containing extensive se-
quence homology to proteins required for type IV pilus
biogenesis, including prepilins (12, 28).

Many gene products are required for the biogenesis of type
IV pili. The gene organizations of the fcp system in V. cholerae
(26) and the bfp system in enteropathogenic E. coli (33, 34)
have been reported (see Fig. 6). In the fcp and bfp systems, 14
genes are involved in type IV pilus biogenesis. In the case of
the bfp system and the longus (11) system in enteropathogenic
and enterotoxigenic E. coli, respectively, the type IV pilus
formation genes are encoded in large virulent plasmids. The
virulent plasmid in enteropathogenic E. coli (EPEC) is called
EPEC adherence factor (EAF).

Plasmid R64 is a conjugative plasmid belonging to the in-
compatibility group I1 (17, 18). The R64 transfer region is
located within a 54.0-kb DNA segment, in which the tra4ABCD
genes are located at the left end and the oriT sequence is at the
right end (Fig. 1A). R64 produces two types of sex pili, thin,
flexible pili and thick, rigid pili (3, 4). Thin pili are required
only for liquid mating, while thick pili are required for both
surface and liquid mating. The leftmost 18.5-kb DNA segment
of the R64 transfer region is responsible for R64 thin pilus
formation (pil region), since E. coli cells harboring pKK641,
containing the 18.5-kb segment together with the R64 rep seg-
ment (Fig. 1A), were shown to produce R64 thin pili (18, 19).
E. coli cells harboring pKK641 are sensitive to the Incll-spe-
cific phages Ia (5) and PR64FS (6), which utilize thin pili as
receptors.

The leftmost 3.6-kb segment of pKK641 was sequenced and
shown to contain the raABCD genes (15) (Fig. 1B). The traBC
genes were inferred to be positive regulators of R64 transfer
gene expression, since they were required both for thin-pilus
formation and for conjugal transfer in liquid medium as well as
on a solid surface.

The rightmost 4.1-kb segment of pKK641 was also se-
quenced and was shown to contain the pill” gene, the R64
shufflon, and a portion of the rci gene (20, 21). The C-terminal
segment of the pill” gene is under the control of DNA rear-
rangement of the shufflon. The R64 shufflon consists of four
DNA segments flanked and separated by seven 19-bp repeat
sequences. The rci gene product promotes site-specific recom-
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FIG. 1. (A) Organization of the 54-kb R64 transfer region. The horizontal bold line represents a restriction map. B, Bg/II; E, EcoRI; H, HindIIL. The open bar on
the map shows the extent of movement of the EcoRI site due to DNA rearrangement of the shufflon. The open bars below the map represent the ORFs determined
thus far. tra, trb, transfer; pil, thin-pilus formation; sif, shufflon; rci, shufflon-specific recombinase; sog, suppression of dnaG; exc, surface exclusion; pnd, plasmid stability;
nik, oriT-specific nickase; oriT, origin of transfer. All genes are transcribed rightward except for pnd and nikAB, which are translated leftward. The DNA regions of
pKK641 and pKK661 are indicated above the map. (B) Structure of the pil region. At the top is a restriction map of the 16.2-kb Bg/II-EcoRI segment. The DNA
sequence newly determined in this study is represented by the open bar. pKK641 used in this study carries the shufflon of the fixed arrangement in which the pillVA'
gene is expressed. C, Clal; Hp, Hpal; P, Pstl; S, Smal; V, Pvull. The arrows below the map indicate the coding sequences of various fra and pil genes. The solid lines
indicate the DNA segments present in various plasmids. The crosses on pKK690 mark the locations of the pi[RI and pilUI mutations.

bination between any two inverted repeat sequences, resulting
in the inversion of four DNA segments independently or in
groups. The shufflon is thought to function as a biological
switch to select one of seven pill” genes, whereby the N-termi-
nal segment remains constant while the C-terminal region is
variable. The pill” gene product is a minor component of the
R64 thin pilus. The seven variable C-terminal segments of the
pilV gene determine the recipient specificity of R64 liquid
mating (18, 19).

Recently, a DNA segment carrying the pil region of Incll
plasmid Collb-P9drd-1, closely related to R64, was cloned (18,
42). E. coli cells harboring this plasmid were shown to over-
produce thin pili which showed a filamentous structure under
an electron microscope (42). The purified thin pili consist of
19- and 48-kDa proteins, which were shown to be the products
of the Collb-P9 pilS and pillVA' genes, respectively.

In the present study, we have determined the nucleotide
sequence of the remaining portion of the R64 pil region and
have found that 14 genes are present in the same orientation
within the R64 pil region. Protein products of eight genes were
detected by the maxicell procedure. The deduced amino acid
sequences of several pil genes suggest that the R64 thin pilus
belongs to the type IV family of pili.

MATERIALS AND METHODS

Bacterial strains, phages, and plasmids. E. coli K-12 strains used were JM83
A(lac-proAB) rpsL thi ara $80 dlacZAM15, IM109 recAI A(lac-proAB) endAl
gyrA96 thi hsdR17 supE44 relA1/F' traD36 proAB lacI9ZAM15 (38, 41), TN102
(17), and CSR603 uvrA6 recAl phr thr leuB6 proA2 thi argE3 lacY1 galK2 ara xyl
mtl rpsL31 tsx supE33 (31).

Phages I (5) and PR64FS (6) were used as Incll-specific phages. Phage
vectors M13mp18 and M13mp19, and plasmid vectors pUC9 and pUC19, were
used for sequencing and cloning, respectively (38, 41). The other plasmids used
in this study are shown in Fig. 1.

Media. Luria-Bertani and H media were prepared as described by Miller (24).
K and Hershey media were used for the maxicell experiment (31). The agar
medium consisted of Luria-Bertani or H broth containing 1.5 or 1.2% agar,
respectively. Antibiotics were added to liquid or solid medium at the following
concentrations: ampicillin, 100 pg/ml; chloramphenicol, 25 pg/ml; kanamycin, 50
wg/ml; nalidixic acid, 20 wg/ml; and tetracycline, 12.5 pug/ml.

DNA manipulation and sequencing. The preparation of plasmid DNA, con-
struction of plasmids, transformation, and other methods of DNA manipulation
were performed as previously described (30). pKK686, pKK687, pKK68S,
pKK689, and pKK690 were constructed by inserting 3.0-kb PstI, 2.8-kb Hpal,
6.3-kb Pvull, 5.0-kb Hpal, and 4.1-kb Clal-EcoRI fragments of pKK641 into
pUCY in the direction in which pil genes are expressed under the control of the
lac promoter of the vector (see Fig. 1B).

Frameshift mutations were introduced into pilR and pilU genes of pKK690 as
described previously (17). pKK690 DNA was digested partially with Rsal or
completely with Hpal, ligated with a 1.45-kb DNA cassette for tetracycline
resistance from pUCT7Tc, and used to transform E. coli JM83 cells. The DNA
fragment for tetracycline resistance was removed from the resultant plasmid
DNA by BamHI digestion of DNA, followed by self-ligation. A 22-bp DNA
sequence, AATTCCCCGGATCCGGGGAATT, remaining at the Rsal site (po-
sition 12311 in Fig. 2) or at the Hpal site (position 14378) gave rise to the pilRI
and pilUI frameshift mutations, respectively. The pilR1 and pilUl mutations in
pKK690 were transferred into pKK641 by the in vivo gene replacement method
17).

The nucleotide sequence was determined by the dideoxy chain termination
method (32). The sequences of both strands were determined with overlapping
fragments. The resulting sequence was analyzed by using DNAsis (Hitachi) and
the GenomeNet WWW server (Kyoto University).

Identification of protein products. Plasmids pKK686 through -689, and
pKK690 and its insertion derivatives, were introduced into E. coli CSR603 by
transformation, and the protein products were labeled with [>*S]methionine
according to the maxicell procedure (31). For pKK687, globomycin (final con-
centration, 50 to 200 pg/ml) was added to a 0.5-ml culture of maxicells 20 min
prior to the addition of [**S]methionine. The labeled proteins were separated by
sodium dodecyl sulfate-17.5% polyacrylamide gel electrophoresis (SDS-17.5%
PAGE) and visualized by fluorography. Molecular-weight-standard proteins
were stained with Coomassie brilliant blue.

Conjugal transfer and phage sensitivity. Liquid mating was performed as
described previously (17). E. coli JM83 and TN102 cells were used as donor and
recipient cells, respectively. A culture of log-phase donor cells was mixed with an
overnight culture of recipient cells. The mixture was incubated for 90 min at
37°C. Sensitivity to phages Ia and PR64FS was determined as described previ-
ously (17).

Materials. Restriction enzymes, sequencing kits, and other materials for re-
combinant DNA experiments were commercially obtained and used as recom-
mended by the manufacturers. [a->*P]dCTP (800 Ci/mmol) and [**S]methionine
(1,000 Ci/mmol) were from Du Pont, NEN Research Products, and from ICN
Biomedicals, respectively. Globomycin was a generous gift from M. Inukai.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases as accession no. D88588.
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3601 CCCGTGACCCGTCTTCGCAGCCTGTACCACCCTTTCTGCCGTTCCCGGGATTCTTTETGTCALTACTCGCTTETGCCATTTTTHC GCAACCGGTACGTGCAGTTACGACGGTACAGCTGC

3721 TTCTTTTCCCGTTCCGAAAGGAGTCTTTAATACCACAGCAACATCCCGGACGACTACAGGTACTGGTCGTCGACACGCACTGCAAACGCAAGCTGT TTTCAACGAAAACACAGACAGATC
pilTl M P 9 9 H P G R L Q VLUV VDTHUHTCETZ XT RTEKTELTFTSTTZEKTTGQTTDFEP
3841 CCGATGAGCTTGCCCGACGCTTCTGCACGCCGGATARCTGCCTTGTGGTGGTACTATGCAACAACCGATTTCTGTTCCGCCTGGAACGTGCACCCGGTAGCCACTGCCGCTGGCGCAAGS
DELART RTEFCT®PDNG CLVVVLCNINZ ERTEFTELTFTZ RTLTET RATPSGSTU HTCECTRMWR RTZEKG
3961 GTAGCCGCTCCCGCCATCAGCACCTGCAGGACTGGCTGTCGTARAAACARCARAAACARAAGACCTCGTCAAAACAGGAGGGGACHATTCGT T TTTATT TARATTAACCATCGCGATTC
S R S RH Q HL QD WTIL S * pilJ M s F L F KR L T I A I L
4081 TGATTGTCTTTGCAATCCTTTTTCCGAT TTTAATTTCATCAGATAACAAACTGTCCGCACTTTT TTGGAAGATACCAAAAGAT T TCTGGGTTTTCCTGATTATCATGTACGGGGCAATCA
I vV F A I L F P I L I S S D NJZKTZILTGS ATLTFWZ KTITPIE KTDTFUW VYV FL I I MY G A I I
4201 TCACGGTGGTGTTCATAGAAAGCAGTGAACAGGCACGCATCCGCCGCCAACAATATTTGCAACAGTACAAAATGCCARATGAGATACATGAAAATGTGGT GAAAACAGTATTATTT
T V V F I E S S E Q ARIURTERGEQQYTILGQQQ Y KMPUNETITHTENV VU VTITETSNS STITIS
4321 CAAGAGAAACAACAGATGACGAATCTGACATTAACACCCTGTACCTTGATTCATTTAAAAGTAAAAACAACTGCAAATCTTTTGARACCAATTCAAGT TTACTGGATAAARATGGTAAGC
R ETTDDETSTDTINT TTLYTLDSTFIE KSZ KU NNTCT KT STFTETHNS ST STILTELTUDTZEKUNTGTE K P
4441 CTGTGGAAATAATGGTCTGTGATGTTCAGGAACTGCATTTTTTCGTTCCAAAGAATTARACAGTTAATCCCCCTTACTCTGTTATCTTAGTCGCCGGCATCAACTAAGATAAARRATAAT
VEIMGYOCDVQETLTHTFTFUV P KN * pilkK M K N N
4561 AACGTACCATTATATCTATGGTTACTTTGGTGTACGTTTTGCCTGTACATCACTACCCCGTGGCAATACTTCCGTTATCTATACACTGACCACATATCACTATC TTATATATTATATTTC
N v P L Y L WL L W CTFCLVYITTZPWSGQJYTFRTZYTZLYTT DU HTISTIELSZYTIJITUL Y F
4681 TG TGGTTATTATCTGCTTTTCCCCACTACTTTTCAGATGCGTGCTTCTTATCGTAAGGTC TGTATCTAAATACAACTTC ACATTC TTTGCGAARAAAAATGGCAGTAAAGAATCA
€ 1 vV I 1 ¢ F $PLLFRT CVTUILILTIVTZRSJVSIE KTYNTFEFTTFTFA ATZ KTEKTENT GS STZKTE S
4801 AGCATACATCTTAGCCCCTATGCCGATACACGTTGCCCGGAGTCAATGAGGARACACTGGGATGTGTTACTTTCTCTGATATCAAAAGCAATTAATAATGATGAAACCATTGTTATGCAT
S I HL S P Y ADTTRGCZPETSMTPRIEKTUHMWDV VL L SL I S KATIUNUSNTG DTETTIUVHMH
4921 TCACATCTCTTTACTCCTGCAAGAATAAATAAACTTATAAAGAGACTGGAATCTTATGETTTGAATTICTCTGTTATTACATGCCCACGGAARACAAGTCTGTATGAAAGATTATCAATT
S HL FTPARTIUNIKTELTIZEKT RTLTESTYGEGELNTFSTVTIT C®PRTI KTSTZLJTYTETRTELSTI
5041 CCTTTTGTATATTTCTTATTTCAGTGGTCTCTCCCGCATTTGCATTCGGACGGAATGACAGTCGTCATTCGTCCTCTCCAGCCGCCTCACACCARTTAACAARCACGTATATACGAACAC
P FV Y FLFOQWSTULPHTELHESDGMTV VUV TIRTZPILGQTPTPHTN *
5161 GGAGTCTCCG CTATCTGACACTTATACTGCCGTCATTATTGTCCGGCTETGCCGGAATTTCCGGCAGCAATAACGTGGCACCATCAGATACGCCTGCTCTGGTTTTT
pilL M K K N ¥ L T L I L P 8 L L S8 ¢ € A G I S G S NNV APSDTTEPATLV F
5281 GTTGACGGACAAATCAGTGAGAGTGCTGGCGTTCTGGCACTTACGCARCAACGTCTTTCTCCACCTAAAATAACTCCCCCCCCGAGAGTCAGCGTGCCAGAGACAGTAAAAACAGCACAT
VDGQ I SESAGVI LALTG QOQRTIELSTPZPIE KTITT®PZP®PRVYVSVPETTU VI KTAH
5401 CCAGTCAGCGAATCCCGACCGTTACCTTCACCAACAATAAGTCAGAATTTTTCCCGGTTAATCATTACAGGCAAGCCTEGTAGCGCCCCTGTAACACTATCGCCGACGGCCCGTARCCGS
PV S ESRPLZPSZ®PTTISQENTFSRILTITITGZ XZPOGSAPVYVTTELSZPTAT RNR
5521 ACCGTCAGTCAGTGGATAAAAACATTACTACCGGAAGGATGGAAATTCAGACAAGAGAATGCAGCCACGCCCAAGCTGAATACCARACTGGTTTCATGGTCTGCCAATGATCAGTGGACC
T VS Q WIKTTZLTLZPETGWZ KT FRGQEUNA AATTPI KTILNTIZ XKTLTVYVSWSAINTUDOQUWT
5641 CGTTCTCTGAATCGGTTGCTGGAAGAACAACACCTATGGGGCCATCTGGACTGGGATAATAAAACGTTGACCGTCACAACATCAGCTGCTCCACCGGCACAGGACACGGCARCCACTATC
R S L NRLTLETET G QHTILUWSGHTLTDUWDUNZE KTTLTVTTSAAA ATPA ATCOQTDTATTI
5761 TCGCCAGCAGCCATGGTAACCACATCCACTTCCCCTGAATCTCCAACAACAGCARATAGCCAGARCAAACCACGAAATCCATTCAGAGGARACAGCGTATCTTCGTCAACCCCCGCCGCC
S P AA MUY TTSTSUPES?PTTANSTGQNZE KT PR RINTPFPFR RGNSV S S s T PAARA
5881 ACCCCGACTCCAACCGGCTCCACAGTCAAGTCTATCCCGCTCATGACCGGAACGCCTETTAAACCGGTATCTCAGGGTAAAGAGTGGCGTGCGCCGGCAGGCACCACATTAAGAGAGAAC
TP TPTG STV KSTIPILMTSGTTPVIKTPV S QG KTETWTE RATPA AGTTTLTZREN
6001 ATTATCAAGTGGGCAGAAGAAACAAAATGCGAAAGCATGGCATCAACGCACTGGATGGTCATATGGCCACTTTCTGTAACCGATTACCGTCTGGATGCGCCTTTAATGTTCCGGGGATCA
I I KW AETETTZKTCESMASTHWMZ YTIW®PILSVYTDZYTZRTUELTDA ATPTLMTFEFT RG S
6121 TTTGAATCAGCCATGGAGCAGGTATTTGAGTTATATCGGACTGCGCAAAAACCTTTATACGCACAGGCTTCTCGCATGCAGTGCATCATTACAGTTTCTGATACAAGGGATGGTCGCTAR
F ESAMEGQV FETLTZYT®RTAG® QKT PTLTYA AOQA AST RMGQO ECTITITUVSsSDTTR RTDG R *
pilM M
6241 TJGGATGGCTGETCATGGCCGTCGGCCTGACCATTCTGATTATCACTGGTAGCTACCAGAATCAGARGATGTCTGAAACCACARACGCCCAGCARTATGCAAGTGCGTCTGTATGGGCAA
6 W L V M AV G L T I L I I T 6 s Y 9 N O KM S ETTNATO QO Y A S A S V WA S
6361 GTCAGATACTGATGATTGCTAACAGAATCAATGATATCAGATACGTATCAGGCCAGCAGGACGGAGTAATTTCCTCAGATAAACTGGCTCTCCCTGTCACTCCGGACTCCCGAATTAAAC
Q I L MIADNZ RTINDTIRTYJVSG Q@D GV ISSDIEKTELATLTPVTTPODS ST RTIZKH
6481 ATCAGTTACAACAGGGGCGTCTGTGGGTATGGATGCCTGAACAACCAGGTCTTGTTGARACTTTGCGTTCAAAAAGTCGTGETTCTGCACTAATAGGGATCTTCCAAAACGGGCARCTCA
Q L Q 06 R L WV WMPET G QTPGLVETTLTZ RSJZ KT STZ RGSA ATLTIZGTITFESQ QNG QTELT
6601 CCTGGCTATCAGGAACTGCAACCGGTCTGACACCCCCGGCAGGCATTACTGCTGGTTCTGTCGTCTACGTTAACTAATCTGGATATATTAATGAAAAAATCACACCAGCGTTCAATGAAG
W LS GTATGILTTPZPAGCTITA AGSUVUV YV N * pilN M K K S H Q R S M K
6721 CTGECEETECTCCCCTGCATGATCGCCGTCGCTCTTTCCATCTCCGGATGTACT TTCAGCGARATCAACARAATGCAGARAAAAGCACAGGAAGACTCAGCACATGCACGGGAARAGGTA
LAV L P c M I AV AL SIS G CTTFTSETINTE KM G EKT KA A GTETDTSA ATHA AT RTE KV
6841 TCAGCCCTTTCGGCCCGTAAATCGCAGGCTCTTACCTGECTCGATAATCAATGEATAAACCCTGTTCCGGTCGCTCAGGTATCAAGAGAGAAAAAACAAACAGCTCCGGCCTGCTACATC
S AL S ARZKSQATLTWILDUNGQEWTINTZPVPVAQV S RETZ KT KT G QT ATPA ATCTYTI
6961 ACGCAGGCAAGAAAAGGAGAGATCACTCTGCAGGAACTGGGGCAACGTATTACTGCCGTATGCGGCATCCCTGTGATCATCACGCCTGACGCAGCCAATTCAACTCTTGAAGGAGGCGCT
QAR KGETITTLG QETLG GG RTITAYVYOCGTIZPVTITIT®PDAANSTTLTET GG A
7081 ACCCGCCAGATGACAGGAACACTACCAGCACCAGATGAAAATGGGCGTCTACCGTTAACCAGCCTGGGCAGCACAACAATGACTACCTCCACTCAGCCATTAACGCTGAATAACCTCATG
T R Q M TG TULPAPDETUNSGRTLZPILSSLGSTTMTTSTGQEPTZELTTILUNNTLM
7201 TGGCAGGGAGATATCAATGGTCTTCTGGATCTGATGGCCAGCCGGAGTGGTCTGTACTGGCGCATGGATAATGGTCGGATTGTATTCTATCTGACTGARACCAGAACGTATCCACTTCAT
W ¢ 6D I NGLULDTIELMAST RS GGLYWZRMDUNGRTIVT FJYTLTTETU RTZTYFPLH
7321 ATGCTGAACACCAAAACCAGCAGCAGTTCCAGTGTCAGCTCTGGCTCAACAAGCACAATGGGGGCAACAGGAGGCCAGGATAACTCAGCATCCGETGATGCAACGTCCTCTCAGAGCACA
M L NT KT S S S s SV S S G S TS TMGA ATTGGG QDUNSASGDA ATTS S Q s
7441 ACCGTTGGTCAGGAATACGATCTCTATGAAGACATCCGGAAAACTATTGAAGCAATGCTGACACCAGARARAGGCCGTTACTGGTTATCTGCATCGAGCTCAACGCTGACTGTCACTGAT
TV GQEYDTILYEU DTIT®RTZEKTTITEA AMTELTTPETZ KT GRTYWILSAST SSTTELTUVT
7561 ACTCCAGCTGTCCAGGAAGCCGTCGCACGATATGTGGACGAACAAAACAGTATTATGAACCGCCAGGTAGCCCTGAACGTACAGGTTCTGAGCGTCAGCAATACCAGAAACGAACAGTTC
T P AV QEA AV ARYVDETG QNS STIMUEINTERGQVALISNV VOQUVULSVSUHNTTRIDNTEQF
7681 GGTCTGGACTGGAACCTTGTTTATAAATCGCTACATTCCGCCGGAGCAACGTTGAACAATGCAAGCGGAGATTTTACAGGCGCTACATCTGCAGGCGTATCAATTCTGGATACGGCAACA
G L DWNILV Y KSILHSAGATTLUNINA ASGDT FTGATSAG YV S ILDTAT
7801 GGGAATGCCGCCAARATTCAGCGGTTCCAGTCTTCTGATTAAAGCGCTGAGTGARCAGGGCGATGTCAGTGTTGTCACTTCACAAGARAGCACTGTCACAAACCTGACGCCGGTACCTATC
G N AAKPF S G S S L LI KALGSESG G GDV VSV VTS QESTU VTUNTLTTFPV P I
7921 CAGATGGCAGATCAGACGGTTTACGTCGCCCAGTCAGCAACAACAACGACTACGGATGTAGGAGCAACAACAACATTAACGCCGGGCATGATCACCACCGGATTCAATATGACCCTGCTG
Q M ADQTUV YV AQSATTTTTUDVGATTTTILT®P?GMTITTGTFUZ NMTTLTL
8041 CCTTTAATTCAGAARACGGGCAATCTCCAGTTGCAGATGAATTTTAATCTGTCAGATCCCCCAACAATCCGTAGCTTTACGTCAAARGACGCAAACAGTTACATCGAAATGCCGTATACC
P L I Q KT GNUILGQTILGQMU~NTFUNTLSUDT P?Z®PTTI®RST FTSEKDGENTSTYTIEHUMTPJYT
8161 AAACTGCGTTCACTGAGCCAGAAGGTCAATCTGAARGAAGGGCAATCACTTGTCGTTACTGGTTTCGATCACAACAATACGACCACAAGTARAGCCGGTACGTTTACGCCAGCARATCCA
K L RS L S Q KV NLIEKTETG2QSULVV TGFTDGQNUNTTTSZ KA AGTT FTT PATNTFP
8281 TTATTTGGTGGTTCACAAACCGGGAAAAATGAACGCAGCACGCTTGTAATCATCATTACCCCGACTTTCCCGTCAGGAGGCAACHATCCTGATGAAGATATCAACCCGGTTGTACTTCT
L F GG S QTG KNZERSTULU VTITITITZPTTFTFPSGGNNG *
pilo M A D EDINZ PV VLL
8401 CGCAGATCCTAAAGTAAATCATCGCGTGTGGGCAGCCTGTCTTAAATGGAGTCCTGTCGTAARAAAACAGCGAGTCCCTTCTCATCAGAAACACAAGCCCCATGTARAATCCAGACGGCT
A DP XKV NUHRVYVWAATCTLTE KT WSZPVV KTZ KTZ QRV YZPSHG K KTHTE KT PUHTYVEKSTR RTR RTL
8521 TACCTCTCTGAAAGTGACTGTAGGCAGCAGAAGTTCCCGTGGGAAGATCAGCCGCATTACCGGCACAGGAATACTGGCCAGGCCGGAGCGCAATCATTATTTTTCCCTTGCTCTGGCTTT
T S L XKV TV G SRS SRGZ XKTISRTITGTGTITZLA ATRTPETRTENIHYTFSTLA ATLAF
8641 CTGCTCATGGGTGAGAAATGGATACGGCGTCTTCCGETACAGCGATAAGGAGCTTTTATTCCTTGCCTCCATTARTGGCCAGCCTGCCGTTATGGCTGATCTCTCAGGAAATGATGCTGA
C § WV ZRDNSGY GV FRYSDZEXKTETLTELTFTILASTIUNG G ® TPATYVMATDTELTSGNTZDA ATD
8761 TGTTGCTCAAAAGGTCAGTCTTTTTCTGACGATGAACGAAGAGCCCCCCGAAARATGGCAGGTCGTATC TCCTCTEGAACATCCTGATAACTGGGAARGTATTATTACCCGGTTATCATC
VAQZ XKV SLFTLTMN~NETETPPTETIKTMWS QVV S PLETHTPTDNUMWES STITITRTILS S
8881 AGCAGATCTCCGCCGTTGCAAACTTACTGTCGGCAATCGCAGCAAATTCACACTGCCTGCCETACTTTTTTTAGTAGCAGCCAGCGCAGGCACTGTATTCTGGATGACTCAGCCAGAGCT
ADLRRCZEKTILTVGNTZ RSIZ KT ETTZLPAVILFTILVYAAMSAGTVTF FWMTSOQTFPEFP
9001 GGATGTCGTACCGACGCCCGAGGAGATAGCTGCACGGGCAAGATTGCAGTTTAAAAAGCCCGATCCACCGCCAGAACTCCCGCATCCATGGGCATCACAACCTGTAATCAGTGATTTTCT
D VV?PTZ®PETETIA AARARTLTGETFTZ KT KT PDTPTPTPETLTPHTPWAS ST GQPVUVTISDTFL
9121 GAAAGCCTGECGCGGACCTTCGAARACCATCACCGETCGCGCTAGAAGGCTGGARACTTACCGGTGGAACATGTACTCCCGAGACATTCACACTGATTTACGAACGACAGCCAGCAGGAAC
K A CADILRIEKT PSPV ALTETGUWZ KTLTSGGGTTCCTT?PETTFTTILTITYET RTZGOQTPSGG T

FIG. 2. Nucleotide and deduced amino acid sequences of the R64 pil region. The sequence is numbered from the leftmost Bg/II site shown in Fig. 1A. Putative
promoter sequences and initiation codons for various pil genes are boxed. Predicted Shine-Dalgarno sequences are underlined. The signal peptides and hydrophobic
domains of the pil proteins are also underlined.



VoL. 179, 1997

9241
9361
9481

9601

9721

9841

9961
10081
10201
10321
10441
10561
10681
10801
10921
11041
11161
11281
11401
11521
11641
11761
11881
12001
12121
12241
12361
12481
12601
12721
12841
12961
13081
13201
13321
13441
13561
13681
13801

13921

14041
14161
14281
14401

14521

14641

R64 THIN PILUS

TATTGAAGGCTTTCTGGCAAGAAGCAAAGARATC TTTAATGTTATTCCTGACTTTAACCTTARAGATGGTGCACGCCTGGCTTCTGTAACCCGGCAACTGCCTTCCCTGCCCCGCAGGGA
I E 66 F L ARSI KETITVFWNUVIPDT FNILI KDSGARTILASUYTRIQLUPSLZPRTRTD
TGAGGCAGTCCCTACCCCCTCAGAACAACTGATGCCCGTGTTCACGTGGTTTCAGAAAAAACAGTTAACGCCGGCCATTAATGARAATAGC CATACCGGAACCATTACCAGGTAACGATGG
P S EQ L MRV FTWU F Q K KQLTUPATIUNIETIUA ATIUZPTETZPTL
TGAACCAGCCCCTGTTCAGAAATGGAAAGAATATCAGTTCAGTTTATCAACGCCTCTARATCCTGATGAGTTGTTCCCTTTATTTCAGGATACCGGCGTTCGTC TGAGCAATATCCATTT
E P APV Q KWIKEYQF S§L s T™FPV NUPDZETLTFUPILTFQDTS GV VRTUILSNTIIHTF
TGAATTAAACGGCGGTACTTTCAGTTATTCCTCAGAAGGTCATATTHE:QCGTCCAGGTAAATTACTCATTATTCCATCCATATTTTTCTTCTCCGGTTTTTCATTTGCAACAACACAAC

E L N G G T F S ¥ §$ § E G H I Y A 8 R *
pilP M R P ¢ X L_L I I P S I F F F 8 G F S F A T T Q P
CTCTTGTCACAATAGGAGARCTTGARGCACAACAARACCGGAATATTCTTTTACACGGCAAAAGTTCAGGGCGCACAGC TACAGAAACAACTCGAAGAATCAGATGTTACTTCATCATCTG
L v T I GELEAUQ QNI RUNTITILILUGQAIZ KUYV Q@ G A QL Q KQLEES DUV T S S s E
ARRCTGTTTCAGGTTTCTCTGGTGTGACTGCCTCTTTGCCATCAGTTTCAGAGCAGCCGACATCTAAAAACAGARAGGRATTGCCCGTTATTATGGAAATAAACGGCAAAGATAAACGTC
T Vv 8 G F 8 ¢ VT A S L P s V S E Q@ PT S KU NI RIKETLUPUVTIMETINGI KDI KT RL
TTAATGCCGTTCTTCGCATGGCTGATGGACGTCAGACAAGCGTCACCACTGGCAGCCAGCTTCCAGGCACATCCGTCACAGTGAAGTCGATCTCATTGTCTGGCGTCACGTTAAGTGATG

N A V L R M A D G R T sS VvV TT GG S8 ¢ L P GT SV TV K S I S L S GV T L S D G
GCACCACCCTTACTTTCTGAGTAACGTGA ATAAATATAATCTGAAGGATGCTCTCCTTTTTATATCCAGGGGAGACACCCATGAAATTCTTATAGAAACARACCAGCGGACAAGG
T T L T F * pilg M P X Y N L KD A LTILTF I SR GDTHETITLTIETNTZG QTR R TR

CCTGACGTACARAGTAATCTCCAGGAGCTGCTAARATTATATCCGGATATCAACCCARAAGTAGTCTCGTTGTCGGAGTTACAGGAGGCAGGTCAGGATGAGAAARACAGAGGCCCGAAA
P DVQSNTLGQETLTELTEKTLTYTPDTINTZ PZ KVJYSTLSETLTG QEA AG GG OQDTETEKNT RGP K
GAACGAATTATTCATCTGAAAGACCTTGCTGATGTCAGTGAAAGTGAGAAGAAAGTTCTATC TTATTT TGAAACTGCCAGAAAACTTGGTGCTTCAGATATTCAT TTC TTAATTTCAGAG
R I I HL KDTULATPDV S ESETKTZKTVTLSZYTFTETA ARTIEKTELTSGA ATSTDTITHTFTELTISE
TCTATTTTCABAGTTCGCATGAGAATATTCGGTGAACTGCAGACTGTAGATGAAGATCAACCAGCACTGGGCTATTCACTTTGCGCAACAGCCATTCTGTCARTGGCTGATGTCACTGAA
S I F K VRM®RTITFTGETLTG TV VTDETDTG?PATLTGYSILCATH ATITLTSMATDTUVYVTE
ACCAGTTTCTTCCCTCARAGEGAGCAGEATGCGCGCCTGTCCCCACAATTAATGCGAAARATAGGAATATTTGGTGCACGCTACAGTC ACAGACCTAC GGGAGACGGTCTGATTGCAGTT
T s FF P QREG QDA ARTLTSTPGQLM®RTEKTITGTITFTGARTYSHTZRTPTGDGTIL I AV
ATGCGCCTGATACCCGATGACGGAGATAAAGTTCCCACGTTTAAACAACTGGGCTTTATCCCGGAACARATCCGGTTGCTGAACATAATGCTGCGCCGCCCGGAAGGARARATAGTCCTG
M RLIPDDGODTIKTV VT®PTTFZ KS QLTGTFTITPES TIRTELTLINTIMLZERTPERTPETGTEKTIVUVTL
TCAGGTCCAACCGGTTCCGGTAAATCGACAACGTTACGCAGCGCCTGCCGTGTATATCTIGACGATAATCAGGGGCGACACCTGCTAACAATCGAAGATCCGCTGGAAGGACAGATACTG
S 6 P TGS ¢ KSTTTLRTSACTR RVYVJYTILDSDISNT GG GRIEHETELTELTTITETDTPTILETGS® QTIL
GGAGCAACACAGACTCCGATTATCTGCGACAAATCCGACGARGATGCCGTCAAACTGGCATGGAGTCGGGCTATTTCATCGGCAATGCGACTTGACCCTGATGCCATCATGGAAGGGGAA
G ATOQT®PIIICDJEXKTSTDET DA AVIE KTELA AMWST RA ATILISTSAMERTILTDTPUDA ATIMEGE
ATGCGCGATCTTATCTCGATGATGTCAACCACCTACGCGGCACAGACCGGGCACATAGTTCTGACGACATTACATACAAACTCAGC TCTGGGTATACCGGAGCGAATGATTACGATGGGT
M R DL I SMMSTTJYAA®QTGHTIVTILTTTELEHTNTSALTGTITPET RIMTITMSG
ATGAATGCCGATCTTATTTGCGATGCGCAATTACTGATTGGGATGATCAGCCAGCGCCTTETACCARCTCTETGTCCCTCCTECCETATTCCATGGGAARAGCGAGCACCTGAACTTAGE
M N ADILTICDA AGQTLTLTIGMTISQ@RTULVYVTPTTULTC CPST CRTITPTWETKT R ATPTETLS
GACGACGAGCGTGATTACCTTGAGCGGCACTGCAATAAAGATTCACTCTGCAGTACAGATAATATC TGGTTCCGAAATCATCACGGATGCTCTGAATGTAATCACGACGTAATCATTAAC
DDERTDTYTLETRTETCEUNTZ KTSD DT STLTCCSTDUNTI®WTFRINIHUHETET CSTETCESSHNHDVTITIHN
GGCAGAAAGCGCGGTGAAATAGGTAAAGGCCTCACCGGCAGGACTGTAATTGCTGAGGTGATAGAACCTGATAACCGCTTATTTCAGATTCTGAAAACACGCGGCARAGTTGCAGCACGT
G R KRGETIGZ KT GTLTOGRTJVTIAETVTITETPDUNR RTELTFGQTITLZEKTTRTGTEKTVYVAATR
AAATACTGGCTGGAAAACATGAAAGGCATCAGTCGTETAGAGCATC TTCTTCGCCGTATC AATGAAGGTCTGGTAGACCCTC TTGARGCCGACAGAATCATCCCTCTGGACGARGACGAG
K ¥ W L ENMEKG I SRV EHTELTULTR RGP RTINETGTLVDTPTLEA ADT RTITITPTLTDTEDE
CGCCTCAGCATCGATGATGTCTAACAGGAGAACAACATACGTGARATGAATTTCAGTCAACGGCTGAGGCGTTTCATTGTC AGAARAACGTTCAGCGCCCCCTACAGGGTGCAGTTTTAC
R L 8 I DDV = pilR M R EM N F S Q RLRURTFTIVREKTTFTSATPZYURTVOQTF Y
GAAGCCCTGCGTTTTC TGCTGGAAAATAAACAGCCATTAAAGACCGCACTGGAACAGATGCGGGATGCCTGGACAGACTTTGGACGAAAATGGCATCCCTTTGCTGAACTGGCCACAGAC
EALRTFTLTLTEUNTZ KSGQQPTLTZ KT ATLTETG QMRTDA ATMWTT DTFGRTEKTWEHTPTFA ATETLA ATD
TGCATTGAGTCTCTTCGTGARAACAGTGGCGAAAAC TCTC TGGAATATACTCTTAGT PTATGGGTTCC TCAGGAAG AGGCCGCAGT AATCAGCGCCGGGATAAGAAGTGGTTCAATTGTG
¢ I E S LREUNTSGETSNST STLETYTTZLSTLWYV P QEZEA AA AT YVTISAGTIT RTSETGS IV
GATGCACTGCAATTCGCCACCACTCTTACAGATGCAAAAGAACARATCCATCAGGCTATATGGCAAATGGCTATTTATCCGGTGGGATTGTTAATCATGATGACGGGGACATTATATGTT
DAL QTP FATT TTLTODA ATKTET QTIUHG QA ATITWOQMATILY®PV 6L L I MMT G TL Y V
CTGAATACAGAGCTAATACCTGAACTGAGCAAAATAAGCTCCCCCGATTCATGGAGTGGTGCTCTTGGTTTTCTTTATGGATTATC TGTTTTTGTCGATAATTACGGC GCTATATGTGCC
LNTETLTITPETLSTZ KTISSPDSWSGATLTGTFTELTYGTILSVFUVDUNJYGA ATILTC A
GTTCTTTTTGCAGTGATCACAGETTTAATATCATGGTCTCTGCCARACTGEARAAGCCCTGACAGTGTTCGTACTI T TGCCGACAAGAT AATGCCATGGAGTATTTATCAGGATATACAG
V L F A V I T G L I S WS L PNTWZE KT S®PDSV RTTFA ATDTEKTIMTPWSTIZYOQDI
GGAGCAACATTTCTCCTGAATATGGCTGCACTTCTGARAGCCAAAATGACGACGCTCAACTCGCTAAACATTCTTCAGGAGTTTGCATCACCATGGTTAAGCACACGTCTTGACAGCATT
G ATFLLNMAALTLTIKAIKMTTTLUNSGSTLUSNTITLG QETFA ASTPWILSTTRTILTDS I
ATTTACCGCGTCCGCCAGGEGGATCATC TTGGACTGGCTTTGCGTCAGTGCGGTTATCAGTTCCCATC CAGGGAAGCAGCCAACTTCCTGTC TTTATTACAGGGAGATGGCGCAACAGAG
I YRV RQGDHTLGTILALTERGEQT CGYTQFTPST®RET BAANTFTLTSTILTLGEQ®GDTGA ATE
CTAATCAGCAATTATGGTCAACGATGGCTTAGTCAAACACTTCAACGTGTAAAGARACGGGCARACGTGATTCGTT TAATTATGC TGATATT TC TTGTCATGTCTCTCATGTTACTGGTT
L I S NY G QRWILSSQ@TZLGQRUV KK KT RANTVYTIRTELTIMLTITFTLVYMSTILMTLTZELV
TTTGCCATTATGGATATTCAGTCTATTAGTGACAACAGCATGGGTAACTTTTARACAAAATGAGGATATTATY TTAGTAGAARATATTAATACCACTTTAACTGGAAATAATAAGARGA
F A I M DI Qs I SDUNSGSMGN F * pilS§ M_L VvV E N I N T T L T 6 N N XK K N
ATGAGCCTCATGATAAAGGATGGGCAATTTTGGAGCAGGGAACAATAGCGCTCGTTGTTC TTTT TG TTATAGTCGT TG TICTGGGTAGTTTGTATGC GTTGCGTACAAGAGCCAATGTGG
E P H DK G WATIULTEG QGTI®T I A L VYV ILFUV I VUV VLGSTLTYA ATLT RTIRATNTU A
CAACTGARACCGCARATATACAAACAATTATCACAAGTGCCCAGAGCCTGCTARARGGTAGCGATGGATATAC ATTTACCAGCAGTGCCARAATGAC AGGTGCCCTCATTCAGATGGGTG
T ETADNTIQTTITITSA AG® QSTLTLJE XSGSDGYTTFTSSAZKMTGA ATLTITQ QMG V
TCATTCCCTCTGEGATGACCGTACAGGGCGACARAACATCTGGTACAGCAACGCTCTATAACGCATGGEGCGETGCTGTAACTGTTGCCCCGGC TTCAACATCAGGGTTCAACAACGGTT
I P S GMTVQGDT KTTSGTA ATTLTYNA AW®WGTGA AT YTV ATPA ASTSGTFTNTNGF
PTACCGTTACCTATGATAAAGTCCCACAGGATGCCTGTATCC AGATTGCCACACGAATCAGTAAAACTGGTTTAACTAACGGCATTACCCTGAACAATACTGCTCACAGTGATGGAAAAG
Y DKV ?PQDAGCTIOQTILIATR RTISZEKTGTELTNT GTITTILNTSNTATEHTSTDGTZ KV
TCACTACTGAAGAAGCCAGTACGCAATGCAAGGCAGATAATGGCAGCACTGGTACAARCAAACTTATC TTCACCATC AATGGTTAAGGAGT T TTAATAT CAGGGGGTACAGTACCCCTCA
T T EEASTGQCZE KA ADTNTGT ST GTNTZE KTELTITFTTITNGT * pllP M 8§ 6 6 T_V P L R
GACTTATTTCATTAATCCTGCTTTTTTCTCTTATTCCACCCGCCCGAGCTTCATACGTAGCTCCCARACAGATCTGGACCAACAAGTGGGACAATTGCTTTGCCGCTGCCGGCGCGCGCT
L I S L I L L F s L I PP ARASTYVATPIEKT EOTITWTUNTEKTWTDNTCTFEA AA AIATGEGA AT RY
ATCAAATTGAACCATTATTATTGAAGGC TATTTCTGCCEGGEAATCTTCGTTGAGGCCGGGCGCAATTAATATAAATAAGGACAAAAAAACAGGTAAAGCCAGTAGCACGGATTATGGGT
© 1 EP L L LKA ATILISA AGTESSTLRPGATINTINTEKTDTEKTEKTTGE KT EASTSTTDTYG L
TGATGCAAATAAACTCAACCCATATTCCAAAGCTGATAAATATGGGCGTAATAAAAAAGTCTGAGGATTTAATTACCAAACCATGCCTTAATATCCATATAGGARGCTGGATACTGGCAR
M ¢ I NS TH I PKTELTINMG®GV VTITZ KT KT STET DTELTITTZ KTPTC CTLZNTIUHTIGTSWTITLAR
GACATTTTCAGATATGTGGCGTCAGCTGGAATTGCCTTGGGTCATACAATGCCGGATTCCGTAAGGACAGACATGAAACAAGAGAGCAATATGCCAATAAAATATGGAGAATTTATCGTG
HF Q I CGV S WNG CTLGSVYU NA AGTETR RTEKT DT RTHEETRTET G QT YA ATSNTZEKTITWRTITYRD
ACATGAAAGGGATATGTCTTCCCGGACAGGGAGGCAGGCHATGCAGACAATCGTAGGCATAAGTCTATCCCCTGTTTATATACTGCCATTGATGTTCACATTTTCCATTATTGGACGAAC
M K G I CLGPGTO QG GRGOTCTRTZOQS S *
pilvU M o T I vV G I s L s P V Y I L P L MF TTFSTITIGTRT
TCTGCTATTCAGAGTTCGTTATTTTTTATCTGATACGGGACATC TCTGGTATARGACACACCCTGC TGTTCTGTCAGGAATATGGCTATACAGTATAGCTGTGGCGTTAATTATTTTATC
L L FRVRYTFTLSDTGHTILUWZYZKTHTPAUYL S ¢ I WL Y S I AV ATLTITITL S
ATCATCACCACTGCTCTACCGTATTCATGCTGTCCTTATTCTTTCGTTCATACTGCAAATGGCGGTAACGGATGCACTGACAGGTTTAT TACCAGGAACATTCACCCGACGTTTTTTAAT
s PL L YR I H AV L I L S8 F I L O M AUV T DATLTGTILTLPGTTFTRTRFLI
TGCAGGAATGCTATCACAAATCACGACTGATATATGGTGGTTCCGTACAACAGAATTTGCCACTGCTGCAATTGTCTTATTC TGCCTTCATARATTAGTTAACCGCCATCGTC TTAATAT
A GMILSQITTODTIWWTFRTETTETFA ATAATILIVTELTFTCTLHZEKTELTVNTZRTHERTELNTI
TGGCACTGGAGACCTETGGC TTATTGCAGGTATTACCGCATGETCAGGGTTATATAACGCCATATGGTGTGTCTTGC TGGGCACAGEA TTGTCTTATGGCATTCARCATGETGCAT
¢ T G6 DL WILTIAGTITA AMWSGULYNATIWSOCECVLLGTGGEF VL WHSTTWCTI
AAAAGGGCATARAGAAGGCCCTCTGGGTCCATGGCTATG TTTTGGCCATGTCCTTTTGCTGCTGGATAATC TTTATCAACCACTATGGGTAATCTQATGAARAAATATGACCGAGGCTGG
K G HKE GPLGTPWTILTCTFGHTVYVTELULILTILUDNTLTZYOQTPILWUV I *
pilV M X X ¥ D R G W
GCATCGCTGGAAACTGECGCGCGCTTTACTGATTGTTATGCTC CTGATTGCCTGGGCAGCCGECATATGGCAGGACTATATTCARACAARAGGATGGCARACTGAAGCACGTCTTGTCAGE
A'S L ETGAAULTL I V ML L I A WG A G I WOQDJYTITG QTZ KT GTWOTTER AT RTILTV S

FIG. 2—Continued.
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RESULTS

Nucleotide sequence of the pil region in plasmid Ré64drd-11.
pKK641 contained all the information necessary for the for-
mation of the R64 thin pilus as described in the Introduction.
Hence, to examine the gene organization of the R64 pil region,
the nucleotide sequence of a 10.7-kb Smal-Hpal segment (Fig.
1B) of pKK641 was determined by the dideoxy chain termina-
tion method (32). Figure 2 shows an 11,160-bp nucleotide
sequence of the R64 pil region. A 10,734-bp sequence from the
Smal site at position 3644 to the Hpal site at position 14378
was newly determined in this study.

On examination of the sequence, 13 open reading frames
(ORFs) were newly identified and tentatively designated as
genes pill through pilU (Fig. 2). The pill’ gene, which was
previously shown to be required for R64 thin-pilus formation,
sequentially follows the pilU gene (20). The gene organization
of the R64 pil region, deduced from the nucleotide sequence,
is shown schematically in Fig. 1B. These genes are situated side
by side in the same orientation as the tra4ABCD genes. All
genes start with an ATG initiation codon, preceded by poten-
tial Shine-Dalgarno sequences. Most genes stop with a TAA
termination codon. Intergenic spaces between neighboring
genes vary from 49 to —16 nucleotides (that is, a 49-nucleotide
space between genes and a 16-nucleotide overlap). Since no
promoter or terminator structure was found in the coding and
intergenic regions of the pill through pill” genes, these 14 genes
may form a single long operon. The overlapping nature of the
neighboring genes suggests the presence of translational cou-
pling between these genes.

The termination codon of the preceding fraD gene is located
267 bp upstream from the pill gene. In this intergenic region
between the traD and pill genes, sequences CTGTCA (posi-
tions 3657 to 3662) and TTTTTT (positions 3679 to 3684) may
function as —35 and —10 promoter recognition sequences for
o770 of E. coli RNA polymerase. In the shufflon region, two sets
of 19-bp repeat sequences, which function as the crossover
sites of DNA inversion of the shufflon, are located in the
inverted orientation with 8-bp spaces. These 19-bp inverted
repeat sequences may also function as transcription terminator
signals for the pil operon.

Identification of the pil gene products. To identify the pil
gene products, the maxicell procedure was performed (31).
Various segments of pKK641 DNA were subcloned into the
high-copy-number vector pUC9 to generate pKK686 (contain-
ing the pil] to pilM genes), pKK687 (pilN), pKK688 (pilO to
pilS), pKK689 (pilP to pilT), and pKK690 (pilR to pillV) (Fig.
1B). These plasmids were introduced into E. coli CSR603 cells
by transformation, and the protein products were analyzed by
the maxicell procedure. Maxicells harboring these plasmids
produced various pil proteins (Fig. 3). The identification of pil
proteins is described below.

Properties of R64 pil gene products. The number of amino
acids, molecular mass, pl, and cellular location for each of the
14 pil gene products were predicted from the deduced amino
acid sequences and are summarized in Table 1.

The pill gene encodes an 84-amino-acid basic protein, and
the pilJ gene encodes a 150-amino-acid acidic protein. The pilJ
product was detected as an 18-kDa protein by the maxicell
procedure (Fig. 3, lane 2). A computer search of Pill and PilJ
amino acid sequences failed to detect any significant sequence
similarity with known proteins in the database.

The pilK gene product. The pilK gene encodes a 196-amino-
acid basic protein. The pilK product could not be detected by
the maxicell procedure. The amino acid sequence of the PilK
protein has 27% identity with that of the R64 TraD protein

J. BACTERIOL.

PilQ>
PilO>

PilL >

Bla >

PilS >
PilJ >
PilP >

FIG. 3. Detection of pil gene products by the maxicell procedure. E. coli
CSR603 cells harboring each plasmid were labeled with [**S]methionine by the
maxicell procedure (31), and each sample was analyzed by SDS-PAGE and then
by autoradiography. Lanes: 1, pUCY; 2, pKK686; 3, pKK689; 4, pKK688; 5,
pKK690; 6, pKK690 pilRI; 7, pKK690 pilU]. Identified protein bands are indi-
cated on the left and right. PilS* represents the mature form of the PilS protein.
Numbers between lanes 4 and 5 show the sizes (in kilodaltons) of marker proteins.

(15) (Fig. 4A). The R64 traD gene is located 1.7 kb upstream
from the pilK gene within the R64 transfer region (Fig. 1B). It
was shown that the frameshift mutation within the #7aD coding
sequence did not affect transfer frequency in liquid and surface
mating of R64 (15). No known protein containing an amino
acid sequence with significant similarity to that of the PilK or
TraD protein was found.

The pilL and pilM gene products. The pill. gene encodes a
355-amino-acid basic protein, and the pilM gene encodes a
145-amino-acid basic protein. The amino acid sequence of the
N-terminal region of the pill. product reveals features indica-
tive of signal peptides of bacterial lipoproteins (Fig. 2). A faint
43-kDa protein band was detected as the pill. product by the
maxicell experiment (Fig. 3, lane 2). The observed molecular
mass (43 kDa) is significantly higher than the calculated value
(39 kDa), suggesting a modification of the pilL product as a
lipoprotein. No protein containing sequence similarity to the
PilL and PilM proteins could be found in the database.

The pilN gene product is a lipoprotein. The pilN gene en-
codes a 560-amino-acid neutral protein. Since the amino acid
sequence of the N-terminal region of the pilN product was also
predicted to encode a lipoprotein, this possibility was tested by
using globomycin (14). Globomycin is known to inhibit signal
peptidase II, which cleaves the signal peptide of bacterial li-
poproteins. Maxicells harboring pKK687 produced a protein
with an apparent molecular mass of 67 kDa, which was higher
than the calculated value of 60 kDa (Fig. 5, lane 2). Proteins
with decreased mobility appeared upon the addition of globo-
mycin at 50 to 200 pg/ml in the maxicell culture (Fig. 5, lanes
3 to 5), suggesting the accumulation of a prePilN protein with
a higher molecular mass. Thus, it is likely that the pilN gene
encodes a lipoprotein that is processed in the same manner as
E. coli lipoproteins. The N-terminal 26-amino-acid signal pep-
tide of the pilN product is believed to be removed by the action
of signal peptidase II (Fig. 2). The mature PilN protein may be
integrated into the bacterial outer membrane.

The amino acid sequence of the PilN protein has 25% iden-
tity to the BfpB sequence (Fig. 4B). The bfpB gene is a member
of a gene cluster required for the formation of bundle-forming
pili (bfp) in enteropathogenic E. coli (33, 34). The BfpB pro-
tein is also a lipoprotein. Both PiIN and BfpB proteins contain
serine-rich segments (Fig. 4B). The PilN amino acid sequence
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TABLE 1. Properties of R64 pil gene products

No. of Molecular mass

Predicted Predicted

Gene . . N Comment
amino acids Calculated (Da) Found (kDa)* pl location!
pill 84 9,953 NT 10.5 C
pill 150 17,476 18 53 M
pilK 196 23,184 ND 9.4 IM
pilL 355 38,603 43 10.0 IM/OM Lipoprotein
pilM 145 15,716 ND 9.9 P/OM
PIIN 560 59,848 70 7.8 IM/OM Prelipoprotein
67 Lipoprotein
pilO 431 48,162 50 9.2 M
pilP 150 16,003 16 9.8 IM
pilQ 517 58,280 58 5.6 C Nucleotide-binding protein
PilR 365 41,415 34 7.9 IM Integral membrane protein
pilS 204 21,265 22 8.2 M Prepilin
19 Pilin
pilT 186 20,758 ND 10.2 M
pilU 218 24,600 ND 9.5 IM Prepilin peptidase
pilvVA' 474 49,527 ND 9.5 P/OM Prepilin

¢ Summarized from Fig. 3 and 5. ND, not detected; NT, not tested.
 C, cytoplasm; IM, inner membrane; OM, outer membrane; P, periplasm.

also has a slight similarity to those of the TcpC and PulD
proteins, which are related to the formation of the type IV
pilus.

The pilO and pilP gene products. The pilO gene encodes a
431-amino-acid basic protein, and the pilP gene encodes a
150-amino-acid basic protein. The products of the pilO and
pilP genes were identified as 50- and 16-kDa proteins, respec-
tively (Fig. 3, lane 4). No protein similar to either the PilO or
the PilP protein could be found in the database.

The pilQ gene product contains a nucleotide-binding motif.
The pilQ gene encodes a 517-amino-acid acidic protein. A
58-kDa protein was identified as the pilQ product (Fig. 3, lanes
3 and 4). Since the PilQ protein is rich in hydrophilic amino
acids and does not carry a hydrophobic segment, it may be
located in cytoplasm. The PilQ protein has amino acid se-
quence identity with many bacterial proteins related to the
biogenesis of type IV pili, the protein secretion system, and the
DNA uptake system (12, 28) (Fig. 4C). All these proteins carry
a nucleotide-binding motif (39). Their amino acid sequences
are highly conserved in Walker boxes A and B, Asp boxes, and
CXXC sequences. These proteins may function in the energy-
fueling steps in the biogenesis and function of type IV pili and
related systems.

The pilR gene product. The product of the pilR gene is a
365-amino-acid neutral protein. Maxicells harboring pilR™
plasmids produced a 34-kDa protein (Fig. 3, lanes 5 and 7).
Although its size was smaller than the calculated value (41
kDa), the 34-kDa protein was shown to be the pilR product,
since pKK690 pilRI did not produce the 34-kDa protein (Fig.
3, lane 6). The PilR protein may be an integral inner mem-
brane protein, since it carries three putative transmembrane
domains (Fig. 2). The PilR protein has amino acid sequence
similarity with many bacterial proteins related to biogenesis of
the type IV pilus, including the BfpE protein (Fig. 4D). The
BfpE protein was also reported to migrate faster in SDS-
PAGE than expected (33, 34).

The pilS gene product is a prepilin. The pilS gene encodes a
204-amino-acid basic protein. Maxicells harboring pilS™* plas-
mids pKK688 and pKK689 produced a 22-kDa protein (Fig. 3,
lanes 4 and 3, respectively), while those harboring pilS™ plas-
mid pKK690 produced a 19-kDa protein (Fig. 3, lane 5). It is
likely that the pilS product is the 22-kDa protein and is pro-
cessed to the 19-kDa protein in the presence of the pilU prod-

uct, since pKK690 pilUI produced the 22-kDa protein and not
the 19-kDa protein (compare Fig. 3, lanes 5 and 7). The pil§
gene appears to encode the major pilin, since the purified R64
thin pilus was shown to contain a 19-kDa protein as a major
component (18). From the similarity of the pilS product to the
type IV prepilins (Fig. 4E), the pilS product was assumed to
lose the N-terminal 23-amino-acid signal peptide through the
putative type IV prepilin peptidase activity of the pilU product.
The signal peptide of the PilS protein is unusually long, as is
that of the TcpA protein of V. cholerae. The PilS 23rd and 28th
amino acid residues are glycine and glutamic acid, respectively,
which are completely conserved among all type IV prepilins
and related proteins (Fig. 4E).

The pilT gene product. The pilT product is a 186-amino-acid
basic protein that has sequence similarity to the bfpH gene and
gene X (gene 19) of IncF plasmids, including F, R1, and R100
(2) (Fig. 4F). The identity between the amino acid sequences
of R64 PilT and the F 19-kDa protein (product of gene X) is
as high as 43%. In IncF plasmids, gene X is located in the
“leading region” and is the first to enter the recipient cells
during conjugation. Recently, gene X was shown to be re-
quired for the efficient transfer of R1 (2). The introduction of
two stop codons into the coding region of gene X resulted in a
10-fold reduction in R1 transfer frequency. It is interesting that
the defective phenotype of the gene X mutation in R1 transfer
was complemented in trans by the R64 pilT gene (2).

PilT-homologs are also present in Shigella flexneri (IpgF),
Salmonella typhi (IagB), and E. coli (ORF138 and Slt) (Fig.
4F). In S. flexneri and S. typhi, the IpgF and IagB proteins are
involved in the invasion of the eukaryotic host cells by the
bacterial cells (1, 25). The E. coli slt gene encodes a 70-kDa solu-
ble lytic transglycosylase (7, 8). X-ray crystallography revealed
that the C-terminal domain of SIt protein has a three-dimen-
sional structure similar to those of hen egg and T4 lysozymes
(37). It is possible that PilT homologs carry peptidoglycan-lytic
activity.

The pilU gene product is a prepilin peptidase. The pilU
product is a 218-amino-acid basic protein. In the presence of
the pilU gene, the size of the PilS protein was reduced from 22
to 19 kDa, suggesting that the pilU gene encodes a prepilin
peptidase for the pilS product, as described above. In fact, the
amino acid sequence of the PilU protein shows similarity to
those of type IV prepilin peptidases, including BfpP, Tcpl,
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FIG. 4. Alignment of the deduced amino acid sequences of the Pil proteins with those of known proteins. Conserved amino acid residues are printed in white on
black. The consensus sequence is given below each alignment. Gaps, marked by dashes, were introduced to reveal the maximal similarity among the sequences. (A)
Alignment of amino acid sequences of R64 PilK and R64 TraD (GenBank accession no. D14607). (B) Alignment of sequences of R64 PilN and EAF BfpB (Z68186).
Polyserine segments are underlined. (C) Alignment of sequences of R64 PilQ, EAF BfpD (Z68186), V. cholerae (Vch) TcpT (X64098), P. aeruginosa (Pae) PilB
(M32066), N. gonorrhoeae (Ngo) PilF (L10291), Klebsiella pneumoniae (Kpn) PulE (M32613), Erwinia chrysanthemi (Ech) OutE (L02214), P. aeruginosa XcpR
(X62666), Xanthomonas campestris (Xca) XpsE (X59079), Aeromonas hydrophila (Ahy) ExeE (X66504), Bacillus subtilis (Bsu) ComG1 (M29691), P. aeruginosa PilT
(M55524), and pTiA6 (Ti) VirB11 (J03216). Walker boxes A and B, Asp boxes, and CXXC sequences are indicated. (D) Alignment of sequences of R64 PilR, EAF
BfpE (Z68186), V. cholerae TcpE (X64098), Pseudomonas putida (Ppu) PilC (X74276), X. campestris XpsF (X59079), P. aeruginosa XcpS (X62666), Erwinia carotovora
(Eca) OutF (X70049), and B. subtilis ComG2 (M29691). Hydrophobic domains are underlined. (E) Alignment of sequences of R64 PilS, R64 PilV (X05022), R721 PilV
(X62169), EAF BfpA (Z68186), V. cholerae TcpA (M33514), P. aeruginosa PilA (M14849), N. gonorrhoeae PilE (1.10291), Eikenella corrodens (Eco) EcpA (Z12609),
Moraxella bovis (Mbo) TfpQ (M59712), M. xanthus (Mxa) PilA (L39904), Klebsiella oxytoca (Kox) PulG (M32613), P. aeruginosa XcpT (X62666), A. hydrophila ExeG
(X66504), E. chrysanthemi OutG (1L02214), and B. subtilis ComG3 (M29691). The cleavage site of type IV pilins is shown by a downward arrow. The conserved glycine
and glutamic acid residues are indicated by boldface. (F) Alignment of sequences of R64 PilT, EAF BfpH (Z68186), F gene X (M97768), S. flexneri (Sfl) IpgF (L04309),
S. typhi (Sty) TagB (X80892), E. coli (Eco) ORF138 (U28375), and E. coli St (U14003). Three motifs conserved in putative lytic transglycosylases are underlined. (G)
Alignment of sequences of R64 PilU, R721 PilU (X62169), EAF BfpP (Z68186), V. cholerae Tcp] (M74708), P. aeruginosa PilD (M32066), N. gonorrhoeae PilD
(L11715), E. carotovora OutO (X70049), E. chrysanthemi OutO (L02214), K. pneumoniae PulO (M32613), and B. subtilis ComC (M30805).

PilD, and others (Fig. 4G). It is also similar to the R721 PilU
protein (16). Since the R721 pilU gene is located just upstream
of the R721 pillV gene and the deduced amino acid sequence is
23% identical to that of the R64 pilU gene, the R721 pilU gene
may also encode a prepilin peptidase. However, the amino acid
sequences of R64 and R721 PilU proteins are greatly diver-
gent from those of the type IV prepilin peptidases of other
bacteria.

The pilV gene product. The DNA rearrangement of the
shufflon converts the C-terminal segments of the pill” genes,
creating seven different pill” genes (18-20). The constant re-
gion of the PilV proteins consists of 361 amino acids, while the
number of amino acids in the PilV variable region fluctuates

between 69 and 113. The N-terminal amino acid sequence of
the PilV proteins bears a structure similar to that of type IV
prepilin (Fig. 4E). The conserved glycine and glutamic acid
appear at the 7th and 12th amino acids of the PilV protein,
respectively. It is most likely that the N-terminal 6-amino-acid
peptide of the pill product is cut off by the pilU function. The
prediction that the pill product is a minor pilin is supported by
the previous finding that the PilV protein is a minor compo-
nent of the R64 thin pilus (18, 42).

Effects of pilR and pilU mutations on liquid mating and
sensitivity to phages. The effects of the pilR1 and pilUI muta-
tions on thin-pilus formation were measured by the transfer
frequency in liquid medium and sensitivity to Incl1-specific
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FIG. 5. Effects of globomycin on the production of PilN protein. E. coli
CSR603 cells harboring pKK687 were labeled with [3*S]methionine in the ab-
sence or presence of globomycin by the maxicell procedure (31). Labeled pro-
teins were analyzed as described in the legend to Fig. 3. Lanes: 1, pUCY; 2,
pKK687; 3 to 5, pKK687 with 50, 100, and 200 pg of globomycin/ml, respectively.
PilN and its precursor protein bands are indicated on the right side. Numbers on
the left show the sizes (in kilodaltons) of marker proteins.

phages. For liquid mating, the pKK641-pKK661 system, in
which DNA rearrangement of the shufflon does not occur
because of lack of the rci activity, was used (17). E. coli donor
cells harboring both pKK641 and pKK661 transmitted pKK661
carrying oriT to recipient cells upon conjugation (Table 2).
From donor cells harboring pKK641 pilRI or pKK641 pilUI
together with pKK661, however, transfer frequency was negli-
gible. In contrast, the pilRI and pilUl mutations did not affect
the transfer frequency on solid surfaces (data not shown). E.
coli cells harboring pKK661 and either pKK641 pilRI or
pKK641 pilU1 were resistant to phages I and PR64FS, while
cells harboring wild-type pKK641 and pKK661 were sensitive
to them (Table 2). These results indicate that pilR and pilU
genes are involved in thin-pilus formation and, consequently,
in liquid mating.

DISCUSSION

The R64 thin pilus is a type IV pilus. The present results
strongly suggest that the R64 thin pilus belongs to the type IV
family of pili, since (i) the PilS and PilV proteins carry struc-
tures homologous to those of type IV prepilins, (ii) the PilU
protein carries a structure homologous to that of type IV
prepilin peptidase, and (iii) the PiIN, PilQ, PilR, and PilT
proteins carry structures homologous to those of proteins re-
lated to type IV pilus biogenesis. The purified thin pili of R64
or Collb-P9 were shown to consist of 19- and 48-kDa proteins,
which might be the products of pilS and pillVA' genes, respec-

TABLE 2. Effects of pilR and pilU mutations on liquid mating
and sensitivity to phages

Sensitivity to

. Frequency of phage”
Plasmids transfer (%)* _—
Ta PRO4FS
pKK661, pKK641 0.51 S S
pKK661, pKK641 pilR1 0.001 R R
pKK661, pKK641 pilU1 0.002 R R

“ Frequency of transfer of pKK661 from donor cells harboring the indicated
plasmids in liquid mating is indicated as percent of transconjugants to donor
cells.

? Sensitivity to phages I and PR64FS of E. coli cells harboring the indicated
plasmids. S, sensitive; R, resistant.
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FIG. 6. Comparison of gene organization among various type IVB pilus-
forming systems. The gene organizations of EAF bfp, V. cholerae (Vch) tcp, and
R64 pil systems are compared. All genes except tcpl are transcribed rightward.
Genes with similar functions are indicated.

tively (18, 19, 42). The reduction of the size of the PilS protein
in the presence of the pilU gene suggests that the pilU product
functions as a prepilin peptidase. The N-terminal amino acid
sequences of the R64 PilS and PilV proteins have a slight
similarity to each other, but they are not so similar to those of
type IVA pilins (Fig. 4E). In addition, the N-terminal amino
acids of putative mature pilins of R64 pilS and pill/ products
are tryptophan. These results indicate that the R64 thin pilus
belongs to the type IVB group.

Gene organization of the R64 pil region. The gene organi-
zation of the R64 pil region was compared to those of the bfp
system of enteropathogenic E. coli and the fcp system of V.
cholerae (26, 33, 34) (Fig. 6). The organizations of these type
IVB pilus biogenesis systems reveal some similarity to each
other. The relative positions of the PilN, PilQ, and PilR ho-
molog genes are conserved among the three systems. Prepilin
peptidase genes are located at the downstream positions of
these systems. PilT homolog genes are also located at down-
stream positions, while the relative positions of prepilin pep-
tidase genes and PilT homolog genes are different between the
R64 pil and EAF bfp systems. The locations of prepilin genes
are different among these systems. The prepilin genes are
located at upstream positions in the bfp and tcp systems, while
prepilin genes are located in the downstream region of the R64
pil system. In the R64 pil region, it is reasonable that the pill”
gene is located at the 3’-most position of the pil operon, since
its C-terminal segments are under the control of the shufflon.
Expression of the bfp, tcp, and pil systems is positively con-
trolled by the bfpT, toxRT, and traBC genes, respectively (9, 10,
15). Most of these regulatory genes are located outside the
type IV pilus biogenesis gene cluster.

The similarity of amino acid sequences among various genes,
as well as the conservation of gene organization, indicates that
these type IV pilin biogenesis systems have evolved from a
common ancestral gene system.

Possible function of the R64 thin pilus in conjugation. To
our knowledge, the R64 thin pilus is the first example of a type
IV pilus that is involved in bacterial conjugation. The involve-
ment of at least pilR and pilU genes in liquid mating was
demonstrated by the present study. Many pathogenic bacteria
use type IV pili to attach themselves to eukaryotic host cells.
R64 thin pili may be used to attach donor cells to recipient cells
at the first step of liquid mating. R64 thin pili contain PilV
proteins, the C-terminal segments of which are under the con-
trol of the shufflon DNA rearrangement. Thus, seven different
kinds of R64 thin pili with different PilV proteins may be
produced and used to attach donor cells to different kinds of
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recipient cells to determine recipient specificity in liquid mat-
ing of R64 (18, 19). For example, thin pili with PilVA’, PilVC,
or PilVC' protein are used to recognize E. coli K-12 recipient
cells, and those with PilVA’ or PilVB’ protein are used for
Salmonella typhimurium LT2. In R64 surface mating, however,
this step can be skipped, since thin pili are not required for
solid-surface mating (17, 18). R64 thick pili are required for
both solid-surface and liquid mating.

In many pili, an adhesin was shown to be located at the tip
(13, 22, 23, 29). R64 PilV proteins may also function as an
adhesin. The speculation that the PilV protein is localized to
the tip of the R64 thin pilus awaits further investigation.
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