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The pilus subunit, the pilin, of conjugative IncP pili is encoded by the #rbC gene. IncP pilin is composed of
78 amino acids forming a ring structure (R. Eisenbrandt, M. Kalkum, E.-M. Lai, C. I. Kado, and E. Lanka,
J. Biol. Chem. 274:22548-22555, 1999). Three enzymes are involved in maturation of the pilin: LepB of
Escherichia coli for signal peptide removal and a yet-unidentified protease for removal of 27 C-terminal
residues. Both enzymes are chromosome encoded. Finally, the inner membrane-associated IncP TraF replaces
a four-amino-acid C-terminal peptide with the truncated N terminus, yielding the cyclic polypeptide. We refer
to the latter process as “prepilin cyclization.” We have used site-directed mutagenesis of rbC and traF to
unravel the pilin maturation process. Each of the mutants was analyzed for its phenotypes of prepilin
cyclization, pilus formation, donor-specific phage adsorption, and conjugative DNA transfer abilities. Effective
prepilin cyclization was determined by matrix-assisted laser desorption-ionization-mass spectrometry using
an optimized sample preparation technique of whole cells and trans-3-indolyl acrylic acid as a matrix. We
found that several amino acid exchanges in the TrbC core sequence allow prepilin cyclization but disable the
succeeding pilus assembly. We propose a mechanism explaining how the signal peptidase homologue TraF
attacks a C-terminal section of the TrbC core sequence via an activated serine residue. Rather than cleaving
and releasing hydrolyzed peptides, TraF presumably reacts as a peptidyl transferase, involving the N terminus
of TrbC in the aminolysis of a postulated TraF-acetyl-TrbC intermediate. Under formal loss of a C-terminal
tetrapeptide, a new peptide bond is formed in a concerted action, connecting serine 37 with glycine 114 of TrbC.

Horizontal gene transfer by bacterial conjugation between a
donor bacterium and recipient cell(s) of distinct species re-
quires the formation of physically stable contacts, conjugative
junctions (44), before DNA transfer can occur. The formation
of such contacts among gram-negative bacteria, known as mat-
ing-pair formation (Mpf), is initiated by conjugative pili (for a
recent review, see reference 56). Pili are extracellular filaments
extending from the surface of donor cells. These filaments are
tube-like structures about 10 nm in outer diameter with a 2-nm
central, hydrophilic lumen (23) composed of at least one major
subunit protein, the pilin. Although minor structural compo-
nents have been proposed (14), none of these have been iden-
tified to date (1). In the case of self-transmissible broad-host-
range IncP plasmids, the process of pilus production requires
each of 11 plasmid-encoded components of the Mpf system
(20). Two processes are known to be maintained by these pili:
DNA transfer and donor-specific phage reproduction. The pi-
lus is an essential prerequisite for conjugation, since functional
dissection of DNA transfer systems has shown that nonpolar
inactivation of the pilin precursor gene or any gene of the pilus
assembly machinery does not allow DNA transfer (20). Pili
may also function as phage receptors. Examples are the bac-
terial viruses M13 and R17 attaching to the F pilus (24, 41),
whereas Pf3 and PRR1 dock to the IncP pilus (8). Adsorption
of the phages to the pilus provides the initial step for the
process of phage infection.
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IncP pilin maturation is a multistep process, involving at
least three components (Fig. 1). Two of them are encoded by
the host chromosome. A yet-unidentified protease is respon-
sible for removal of a 27-amino-acid (aa) C-terminal peptide
from the original 145-aa gene product *****°TrbC (13). Second,
LepB, the signal peptidase I of Escherichia coli, cleaves a
leader peptide at the N terminus of "*TrbC (19), resulting in
TrbC*, the prepilin. The final step in this maturation cascade
is catalyzed by a plasmid-encoded function (19): TraF (13).
This protease not only removes four additional C-terminal
aa from TrbC* but also forms a cyclic product, the pilin, by
introducing a new peptide bond between S37 and G114 of
TrbC*.

The mechanism of the maturation reaction and the position-
ing of the peptidase domain in the periplasm resemble those of
host cell-encoded signal peptidases such as LepB of E. coli or
SipS of Bacillus subtilis (19). This proposal derives from the
pattern of conserved amino acid residues in TraF and TraF-
like proteins from other conjugative systems compared to that
of various signal peptidases. These signal or leader peptidases
differ from the classical serine proteases by utilizing a catalytic-
dyad-like mechanism instead of a catalytic triad (10, 51). The
purpose of this report is to elucidate the mechanism of prepilin
cyclization, catalyzed by TraF of the broad-host-range IncPa
plasmid RP4. In analogy to the catalytic dyad-like mechanism
of leader peptidases a peptide bond is broken. In contrast,
however, the energy of the scissile bond is conserved and used
for the formation of a new peptide bond, yielding the circular
pilin.

MATERIALS AND METHODS

Strains, phages, and plasmids. E. coli K-12 strains used in this study were
SCS1 (a DH1 derivative [21]) and HB101 (7) as hosts for plasmids. The nalidixic
acid-resistant derivative HB101 Nx" was used as the recipient in conjugation
experiments, and JE2571 (leu thr fla pil str [9]) was used for phage sensitivity
assays and electron microscopy. Cells were grown in YT medium (32) buffered
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FIG. 1. Processing scheme of RP4 TrbC. The protein is shown as a box with its sequence in one-letter code inside. The 36-aa signal peptide and the 27-aa C-terminal
cleaved peptide are shown as white boxes. The core sequence is shaded yellow with two predicted transmembranal helices (TMH) shown in blue. The 4-aa residues
removed by TraF are inverted. Point mutations are annotated below or above the original sequence. Letters below indicate point mutants that are still cyclized by TraF;
letters above indicate point mutants that are not processed by TraF. LepB and TraF are the enzymes that cleave TrbC, where “?” is the as-yet-unidentified host-encoded

protease.

with 25 mM 3-(N-morpholino)propanesulfonic acid (sodium salt, pH 8.0) and
supplemented with 0.1% glucose and 25 pg of thiamine hydrochloride per ml.
When appropriate, antibiotics were added as follows: ampicillin (sodium salt),
100 pg/ml; chloramphenicol, 10 pg/ml; tetracycline hydrochloride, 10 pg/ml;
nalidixic acid (sodium salt), 30 pg/ml. Phages PRD1, PRR1, and P13 (4, 35) were
propagated as described previously (47). The plasmids used in this study are
listed in Table 1.

DNA techniques. Standard molecular cloning techniques were performed as
described by Sambrook et al. (43).

Generation of #rbC and traF mutants. The structural genes of #bC and traF
were directly mutagenized using the site-directed-mutagenesis kit from Strat-
agene. Mutagenesis of #rbC was done on plasmid pRE178 or pDH100. From the
latter plasmid an AatII-BsrGI (1.3-kb) fragment, one containing the site of
mutation in #rbC, was isolated and inserted into the corresponding site of either
pML123 or pDB126. Mutants of traF were generated on pJH472, digested with
EcoRI-HindlIll, and inserted into EcoRI-HindIII-digested vectors pMS119HE/
pGZ119HE. The 22-mer primers used to introduce point mutations were de-
signed by changing as few base pairs as possible, with a maximum of two bases
changed per mutation (see Tables 3 and 4). The alleles of ##bC and traF described
in this study are indicated as X00Z, where “X” represents the wild-type residue,
“00” indicates the residue number(s) corresponding to the full-length protein,
and “Z” indicates the newly introduced residue. Following mutagenesis, the
nucleotide sequence of each #bC and traF mutant was verified by DNA sequenc-
ing using the dideoxy-chain termination method according to the method of
Sanger et al. (45).

Conjugation assays. For quantitative filter matings appropriate amounts of
donor (0.5 ml, Ay, = 0.3) and recipient cells (5.0 ml, A4y, = 0.3) were mixed and
collected onto a Millipore filter (0.45-um pore size, 25 mm in diameter). Each
filter was incubated for 1 h at 37°C on a nutrient agar plate without selection.
Cells were resuspended, and transconjugants were grown on YT agar plates
containing nalidixic acid (sodium salt) and chloramphenicol for selection of
pDB126, pDB129, or its derivatives (Tables 2 and 3).

Protein expression and Western blotting. Extracts of E. coli SCS1 cells were
electrophoresed on Tricine-sodium dodecyl sulfate (17%)-polyacrylamide gels,
electroblotted onto nitrocellulose (BA85; Schleicher & Schuell) membranes, and
incubated with the immunoglobulin G (IgG) fraction (dilution of 1:2,000 with
respect to the IgG concentration of the original serum) of purified anti-RP4-pilus
serum as described previously (19). The IgG fraction of rabbit anti-pilus se-
rum was preabsorbed by incubation with nondenatured cell extract of SCS1
(pMS119EH).

Assay for phage sensitivity. Standard phage plaque assays were performed as
described previously (20) with E. coli JE2571 as the host strain (Tables 2 and 3).

Electron microscopy. Phage adsorption to pili was investigated by electron
microscopy. Phages and pili were visualized as described previously (9, 19). In
brief, cells of the nonpiliated strain JE2571 carrying suitable plasmids were
grown overnight on YT agar plates. Using a sterile loop a small portion of cells
was scraped off the plate and gently suspended in a 50-wl drop of 50 mM
ammonium acetate (pH 7.0). Phage particles were added in the appropriate
dilution, and the mixture was incubated for 30 min at room temperature. Copper
grids coated with Butvar B98 support film (48) and stabilized with a thin layer of
carbon were floated for about 1 min on the cell suspension and then washed

three times by floating them on 50-ul drops of 50 mM ammonium acetate. Pili
and phages were then negatively stained with 1% sodium phosphotungstate.

MS. TrbC was detected, using matrix-assisted laser desorption-ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) as described previously
(13). Sample preparations containing whole E. coli cells were cocrystallized with
trans-3-indolyl acrylic acid and measured on a Bruker Reflex I MALDI-TOF
mass spectrometer.

RESULTS

Phenotypes of trbC and traF mutants. A collection of de-
fined TrbC point mutations was generated for the purpose of
studying (i) the removal of the signal peptide, (ii) the cycliza-
tion reaction catalyzed by TraF, and (iii) pilus assembly from
subunits. Therefore, mutations were clustered at the signal
peptide cleavage site, in the area of the proposed TraF recog-
nition site, and in the core sequence of the TrbC precursor.
The basis for raF mutagenesis was multiple sequence align-
ments showing extensive similarities between several TraF-like
proteins and signal peptidases of various bacterial species (Fig.
2). Mutant phenotypes were determined by complementation,
including quantification of transfer frequency, pilus production
analyzed by electron microscopy, and donor-specific phage
propagation. Cyclization, the key maturation step, was moni-
tored in the presence of #raF directly by MS using a sample
preparation technique with whole bacteria (13). In conjugation
experiments a nonpolar #bC deletion mutant could be com-
plemented for plasmid transfer when #bC was provided in
trans, but neither pilus production nor phage propagation was
observed on donor cells (Table 3). The different systems set up
to study mutational effects of #bC (in cis) and traF (in trans)
are described in Table 2. Sequence alterations were introduced
as described in Materials and Methods and then analyzed with
the HB101 system for efficient DNA transfer, the JE2571 sys-
tem for pilus overproduction and donor phage specificity
(Dps), and finally the SCS1 system for protein overproduction
(Table 2). trbC and traF mutagenesis data are summarized in
Tables 3 and 4.

Signal peptide cleavage is essential for prepilin cyclization.
The translation product of #bC, consisting of 145 aa, is pro-
cessed at the N terminus by removal of a 36-aa signal peptide
and cleavage of 27 residues at the C terminus (13, 19). Inhi-
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TABLE 1. Plasmids used in this study
. s Selective . Reference
Plasmid Description' Relevant genotype marker® Replicon oF Source
pDB126 pML123Q[BamHI; RP4 Bfal 45,893-53,462 bp] (trbB-trbM)* (traF-traM)™ oriT* Cm ColD 2
pDB126AtrbC pDB126A[RP4 19,803-20,226 bp] (trbB trbD-trbOI\/[)+ (traF-traM)* Cm ColD This work
oriT" trbC
pDB129 pDBI126A[RP4 45,893-46,583 bp] (trbB-trbM) " (traG-traM) ™" Cm ColD 19
oriT* traF®
pDI00¢ PRE100A[BsrGI-AarIT|Q[RP4 BsrGl-Aatll, 18,190~ Ap pMB1  This work
19,441 bp]
pDJ100erbCX00Z¢ pRE100A[BsrGI-AatII]Q)[RP4 BsrGl-Aatll, 18,190— Mutation indicated Ap pMBI1 This work
19,441 bp]
pGZI119EH, HE Cloning vector; P, /lacl? Cm ColD 27
pJH472 PGZ119EHA[Kpnl-EcoRIJQ[RP4 46,060-46,591 bp] traF ™" Cm ColD 13
pIH472X00Z¢ pGZ119EHA[KpnI-EcoRI|Q[RP4 46,060-46,591 bp] traF™, mutation indicated Cm ColD This work
pII178 PMS119EHA[Ndel-HindIIT|Q[R751 18,511-19,288 bp] ~ #bC* R751 Ap pMBI  This work
pML123 pGZ119EHA[EcoRI-BamHI|Q[EcoRI-Xmnl adapter, (trbB-trbM)™ Cm ColD 28
RP4 XmnlI-Notl, 18,841-30,042 bp]
pMLI123mtrbC45 pMLI123Q[dCTAGTCTAGACTAG at position RP4 (trbB trbD-trbM)* trbC° Cm ColD 20
19,938]
pMLI123AnbC PMLI123A[RP4 19,803-20,226 bp] (trbB, trbD-trbM)* trbC® Cm ColD  This work
pML123trbCX00Z¢  pGZ119EHA[EcoRI-BamHI|Q[EcoRI-Xmnl adapter, (trbB trbC™*, mutation indicated, Cm ColD This work
RP4 XmnlI-Notl, 18,841-30,042 bp] trbD-trbM) ™
pMS119EH Cloning vector; P, /lacl Ap pMB1 49
pMS470A8 pMS119EHA([Xbal-Pst1|Q[pT7-7 Xbal-Ndel 40-bp Ap pMB1 3
fragment, R751 traC Aval-Sphl 1.4 kb] cloning vec-
tor; P, /lacl?
pPL178 PMS119EHA[Ndel-EcoRI]Q[ra 1,755-2,156 bp] bC™* pTiC58 Ap pMB1  This work
pPLtraF pKK38ASHA[Ncol-Pst1]Q[tra 2,255-2,523 bp] traF " pTiC58 Tc This work
PRE100 pMS119HEA[HindII-EcoRT|Q[HindII-BsrGI-Xbal- Ap pPMBI  This work
Aatll-EcoRI adapter] cloning vector; P, /lacl?
pRE178 pMS119EHA[EcoRI-HindIITI|Q[RP4 19,797-20,244 bp]  trbC™ Ap pMB1 13
PRE178X00Z¢ PMS119EHA[EcoRI-HindIIT]Q[RP4 19,797-20,244 bp] ~ trbC*, mutation indicated Ap pMB1  This work
pRE178A3 pMS119EHA[EcoRI-HindIII|JQ[RP4 19,797-20,163 bp]  trbCA3™ Ap pMB1 This work
PRE178A3.05 PMS119EHA[EcoRI-HindIITJQ[RP4 19,797-20,160 bp] ~ #bCA3.05* Ap pMB1  This work
pRE178A3.1 pMS119EHA[EcoRI-HindIIT|Q[RP4 19,797-20,157 bp] ~ #bCA3.1* Ap pMB1 This work
pRE178A4 pMS119EHA[EcoRI-HindIII|JQ[RP4 19,797-20,151 bp]  trbCA4™ Ap pMB1 This work
pWP471 pJF119EHO[RP4 Nspl-Haell 45,909-46,577 bp] traF ™" Ap pMB1 54
pWP471X00Z¢ pJF119EHQ[RP4 Nspl-Haell 45,909-46,577 bp] traF™, mutation indicated Ap pMB1 This work

“ RP4 (M93696), R751 (U67194), and pTiC58 (AF057718, trbC; U40389 traF; X53264, virB2) sequence coordinates of inserted fragments are given according to the

published sequence data; GenBank accession numbers are in parentheses.

b Ap, ampicillin resistance; Cm, chloramphenicol resistance; Tc, tetracycline resistance.
¢ pDJ100 contains the indicated Tra2 fragment in an antitranscriptive orientation. The fragment starts inside the #bB gene and ends within the first third of #7bE.

@ For mutagenesis strategy, see details in Materials and Methods.

bition of the N-terminal signal peptide removal in TrbCS37P
should hamper targeting of the mutant protein to the cell
surface but should not influence the initial C-terminal process-
ing step of TrbC (Fig. 3A, lane c). TrbCS37P is the only #rbC
mutant protein described in this study from which no signal
was obtained by MS using whole-cell preparations. Thus, we
conclude that the cellular localization of TrbCS37P must differ
from the wild-type situation considerably. Western blot analy-
sis showed that TrbCS37P maturation was arrested after the
initial truncation at the C terminus. This indicates that the
cleavage reaction at the C terminus might take place in the
cytoplasm, since targeting to the inner membrane is obviously
not required. However, cyclization of TrbCS37P by TraF does
not occur under these conditions (Fig. 3A, lane c).

A total of 28 C-terminal residues of the TrbC-precursor are
dispensable for pilin maturation. A #rbC deletion mutant anal-
ysis was carried out to evaluate the C-terminal processing step.
Characterization of truncated #bC derivatives revealed that
polypeptides ending with A118 (rbCA3) or 1117 (trbCA3.05)
were still converted to pilin and served as substrates for pilus
assembly (Fig. 4, lanes ¢’ and d"). However, further truncation
of TrbC showed that a peptide ending with E116 (#rbCA3.1) no
longer functioned as a substrate for TraF (Fig. 4, lane e"). The
determined mass of this peptide (m/z 8338) and its Western

blot data proved that it was only processed at the N terminus.
Accordingly, the product remained linear. TrbC ending with
G114 (rbCA4), the residue which forms the intramolecular
peptide bond with residue S37, also does not serve as a sub-
strate for the cyclization reaction (Fig. 4, lane f'). These data
demonstrated that 28 C-terminal residues of TrbC are dispens-
able for cyclization in E. coli. As we show here, the shortest
functional substrate for pilin formation consists of 81 aa, be-
ginning with S37 and ending with 1117. We should emphasize
that a short tail of three residues, positions 115 to 117, is
sufficient and absolutely essential for the cyclization reaction.
These residues are removed during peptide bond formation
between S37 and G114.

Several mutations at the signal peptide cleavage site in the
TrbC core are tolerated by LepB and do not affect cyclization
by TraF. Serine at position 37 can be replaced by threonine,
alanine, glycine, or cysteine (Fig. 3A) without a recognizable
effect on the cyclization reaction of TrbC. In addition, these
mutations did not influence the transfer frequency. A proline
in the +1 position after the cleavage site terminates processing
of the leader peptide (40). Hence, the substitution of S37 by
proline was deleterious, probably because of a strong structural
disturbance of the signal peptidase moiety (vide supra). Since
TrbC cyclization was unaffected by the replacement of residue
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TABLE 2. Classification of phenotypes

Strain Relevant genotype Relevant phenotype®
HB101(pDB126) (trbB-trbM)* (traF-traM)* oriT* Transfer +
HB101(pDB126A#rbC) (rbB trbD-tbM)* (traF-traM)* oriT", trbC° Transfer —
HB101(pDB126trbCX00Z) (trbB trbC™, mutation indicated, rbD-trbM)™ (traF-traM)™ oriT™* Transfer +/—
HB101(pWP471/pDB129) traF* ((trbB-trbM) ™" (traG-traM)* oriT" traF° Transfer +
HB101(pDB129) (rbB-trbM)* (traG-traM)™ oriT" traF° Transfer —

HB101(pWP471X00Z/pDB129)

JE2571(pWP471/pML123)
JE2571(pWP471/pML123ArbC)
JE2571(pWP471/pML1231rbCX00Z)

traF " [(trbB-trbM) ™"

JE2571(pWP471/pML123)
JE2571(pML123)
JE2571(pWP471X00Z/pML123)

traF " [(trbB-trbM)™*
(trbB-trbM)™*

traF " [trbC*
traF*

SCS1(pJH472/pRE178)
SCS1(pJH472)

SCS1(pJH472/pRE178X00Z)
SCS1(pJH472X00Z/pRE178)

traF*, mutation indicated/(trbB-trbM)* (traG-traM)™ oriT" traF°

traF*/(trbB trbD-trbM)™ trbC°
traF " [(rbB trbC™, mutation indicated, trbD-trbM)*

traF*, mutation indicated/(rbB-trbM)™

traF*/trbC*, mutation indicated
traF ™", mutation indicated/orbC*

Transfer +/—

Dps/pilus formation +
Dps/pilus formation —
Dps/pilus formation +/—

Dps/pilus formation +
Dps/pilus formation —
Dps/pilus formation +/—

Pilin detection +
Pilin detection —
Pilin detection +/—
Pilin detection +/—

“ Transfer, DNA transfer abilities determined by conjugation experiments as described in Materials and Methods. Transfer +, transfer positive; transfer —, transfer
negative. Donor-specific phage propagation (Dps) and pilus formation are characterized as positive (+) for Dps and pilus formation or negative (—) for Dps and pilus
formation. Detection of TrbC precursors or pilin by Western blotting and MALDI-TOF-MS is indicated as positive (+, detection) or negative (—, no detection).

S37 in most cases, the substrate’s specificity was thought to
reside someplace else in the TrbC molecule, most likely in its
C-terminal processing region.

Specificity for TrbC cyclization resides in residues G112 to
I117. To investigate the C-terminal residues which are impor-
tant for recognition and/or catalysis of cyclization, each amino
acid from position 110 to 117 was replaced individually. No
influence on cyclization was detected for residues 110 (F110A/
Y), 111 (F111A/Y), 113 (R113A/K), 115 (A115G/S/T), and 117
(I117H) (Fig. 3 and Table 3). Furthermore, mutation of gly-
cines 112 and 114 to alanine or serine had no influence on
TrbC processing (Table 3). In contrast, when mutations
G112D and G114C/L/T or the alteration of the functional
group at position 116 (E116Q) were introduced, these TrbC
polypeptides remained at the stage of TrbC* in the presence of
TraF (Fig. 3 and Table 3). From the deletion study of the TrbC
C-terminal end we knew that residues up to position 1117 are
required for maturation. Hence, it was unexpected that the
replacement of position 1117 by histidine would be silent, i.e.,
that a wild-type cyclic product would be obtained. These data
suggest that specificity of the cyclization reaction resides
mainly in residues G112 to 1117 of TrbC.

Further support for the importance of the specificity resi-
dues was found by analysis of highly related TrbC-like proteins
as substrates for RP4 TraF. TrbC of the IncPB plasmid R751,
which is conserved to the RP4 TrbC sequence in residues F110
to A118, was processed by RP4 TraF properly, leading to a
Tra™ phenotype, whereas TrbC of Agrobacterium tumefaciens
Ti plasmid pTiC58, differing from RP4 TrbC in positions F111
to R113 and E113, remained linear (data not shown).

Mutations in the TrbC core affect pilus formation but not
cyclization. Most mutations generated in the TrbC core abol-
ish conjugative transfer, phage propagation, and pilus forma-
tion (G42E, G59R, 178S, F79A, and V96G; Table 3). However,
cyclization of the mutant proteins still takes place, indicating
that the cyclized proteins no longer function as substrates for
the pilus assembly machinery but do not interfere with the
formation of a circular product (Table 3). The TrbC deriva-
tives with glutamine residues instead of glutamates (E38Q,
E47Q, and E82Q) displayed wild-type TrbC processing and

activity (Table 3). For pilus formation and DNA transfer only
the carboxyl group of the glutamate E47 was essential. Ex-
changing the V at position 106 with M did not affect pheno-
typic behavior.

Since cyclization of TrbC occurs only when TraF is present
(13), it is likely that TraF indeed acts as the enzyme responsi-
ble for the formation of the intramolecular peptide bond be-
tween S37 and G114 of TrbC. This notion was strongly sup-
ported by the differential activity of a series of TraF mutations.

TraF catalyzes intramolecular TrbC cyclization. Database
search and sequence alignment suggested structural and func-
tional relationship of TraF to signal peptidases (19). The struc-
tural knowledge of E. coli signal peptidase I (LepB) was ex-
ploited to substantiate the proposed functional similarity of
TraF to signal peptidases (37). Accordingly, two cysteine res-
idues (C59 and C80) that potentially form a disulfide bridge
and a conserved proline at position 129 (P129) were changed.
Further, residues in three conserved regions of TraF, those
that share significant similarities with the catalytic domain of
LepB and its strongly conserved carboxy terminus, were cho-
sen for mutagenesis (Fig. 2, Table 4). The phenotypes of the
traF mutants were evaluated in analogy to those of #bC mu-
tants, i.e., transfer frequency, phage propagation, pilus produc-
tion, and TrbC processing, determined by Western blot anal-
ysis and MALDI-TOF-MS (Table 4). The three regions in
TraF apparently have functional relevance because defined
mutations show reduced or diminished transfer frequencies
(S37A, K89Q, K89L, K89R, D155I, D155N, and R157A)
(Fig. 3B, Table 4). Two other highly conserved residues
(R9OL and P129I) among TraF analogs do not seem to be
essential for TraF activity, since their mutant phenotypes do
not differ from the wild type. Two cysteines (C59A and C80A),
which may have structural importance, affect the activity for
cyclization of TrbC strongly. For these mutants, simultaneous
detection of TrbC* and pilin by MS was possible. The ratio of
both species (TrbC*/pilin, as determined by Western blot anal-
ysis) was about 1. The highest ratio (3/1) for which both signals
could be detected by MS was found in TraFR157A. Further
lowering of pilin production, as seen with several TraF mu-
tants (TraFS37A, K89Q/L/R, and D155N), resulted in detec-
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Virl pTiA6 ¢ MRHRR ALLFLTGAAV FVSALTAAAI 76 EEWRTE. QLAREAIAT

TraF pTiC58 1 MSKRA VIRFLGVAGL VLSGATVMGL. 16| EWRVE KLRRIEARS

TraF pNGR234a 4 MNIPLVE LTSRRRRGKP LLLGLATMTM AAVGTISAAW FG EEWRIV KIDR(g

LepB E.coli 1 MANMFALILV IATLVTGILW CVDKFFFAPK RRERGAAAQA AR.DSLDKAT LKKVAPKPGW LETGASVFPV LAIVLIVRSF I1YEPFQIPSG (AT(ELIGD FILVEKFAYG IKDPIYQI
Lep S.typhimurium 1 MANMFALILV TATLVTGILW CVDKFVFAPK RRARGAAAQT ASGDALDNAT LNKVAPKPGW LETGASVFPV LAIVLIVRSF LYEPFQIPSG ZT(LIGD FILVEKFAYG IKDPIYQKTL.
Lep Synechocystis sp. 1 M TENIVRETSK KKESPPENTW LELGKTMVTA VILAIGIRTF VAEARYIPSS SMEETIEQIND RLIIEKISYR LRDP.....
SipS B.subtilis 1 MK SENVSKKKSI LEWAKAIVIA VVLALLIRNF IFAPYVVDGD {TEHNRE RVFVNMTVKY T..0000v0s
SipP pTA1015 B.s. 1 MTK EKVFKKKSSI LEWGKAIVIA VILALLIRNF LFEPYVVEGK SE RLFVNKTVKY T.vvveenes
SpsB S.aureus 1 MKKEL LEWITSIAVA FVILFIVGKF IVTPYTIKGE SMDETEKDGE RVAVNIIGYK T..vyivvss
Lep Plaminosum 1 MSSESDSP TPQTPPAQPA ASQPKADSPL. MEGIKTIGLS VVLALGIRTF VAEARYIPSE SMLETHEEVND RLIVEKISYH F.....

PilCl N.meningitidis 849 KRSDGSGDKG WYVKLEAGGR VTVKPTVVLR TAFVTIRKYN DGGCGAETAI LGINTADGGK

LTKKSARPIV PEANTAVAQY SGHKQTAKGK MIEIGCMWKN NETVSPNGYV YDKPYNVRYL

PilC2 N.meningitidis 849 KRSDGSGDKG WVVKLEAGQR VTVKPTVVLR TAFVTIRKYN DGGCGAETAI LGINTADGGK LTKKSARPIV PEANTAVAQY SGHKQTAKGK [I[HIGCMWKN NETVCPNGYV YDKPYNVRYL
TraF RP4 ciivern BY AHH TTDAGH RV, i v ivivi vivivnanns wavennunis vouiso NEG L ALTIA BPSGRP vy v ysviviis
TraF R751 dianiinBY 'ih/«‘ WVADDGI RV« i vvsve vanvenunns wunvnnions woyensNGE LI IKA IBKAGRP .\ v vvvvinnes
TraF pTil5955 coveeoo AP LTISTHABLPG QRIETTDH. M HIoovcvoee cvnvvncnne connsnnsns auvaen DER S VSGT WGDGKY . vt vunvnvsnas
orf2 VirF pTil5955 vovie AP LTS vﬂ;« QRUEITDH.M HI.cvvvuus vvvvnvnnns vovnvnnone vonoon DER SVIBASSYSGT BODGKV. v vv vuvivnnins
TraF pTiA6 viveven AP Ku‘/”l« QNMETTDHIM T.00vvvuvs wvevvvnns vennvannns vonno o DER SUESEVVRKT WEEGRV. v vt vvvevviiis
Virl pTiA6 covenn AP LIS \"HA QRUEITOH. M HI.vovvve vvuvnvins vivnnvnens voaen DER SVVSGT WGDGKY 4 vt v vvavianse
TraF pTiC58 i AP Ki\.“:’-‘. QRETADRIM T.ovvvvnvs wvvnvinnns vevnivwoes cooveo DEH PYSASTVSAT WSEGRA. .0y v uvivvcuns
TraF pNGR234a coveon o AP LTISSHIBVAG QRIEVGYS 8 NV o ovv s voviininn wunsnnsens connn o DEH PVH\LALR WEAGRP . v vt vvvvivnns
LepB E.coli 120 IVVFKYPEDP K. ovv oo LD YIRAVGLPG DKVTYDPYSK ELTIQPGCSS GQACENALPA TYSNVEPSDF VATFSRRNEG EATSGFFEVP KNETKENGIR LSERKETLGD
Lep S.typhimurium 121 TETGHPKRED IVVFKYPEDP K.......LD YIRAVGLPG DKITYDPVAK EVTIQPGCSS GQACENALPV TYSNVEPSDF VATFARRNEG EATSGFFEVP LNETKENGIR LTERKETLGD
Lep Synechocystis sp. 82 ..., .El IVVFNPTDAL KAKNFH. DA FIRITGLPG DEVRVSQGNY YV..u'iiuw wovuvvvves vuvvnnnnes voooss NEK MLDENYIAAP PAYEYG. i 0v cvvvunsins
SipS B.subtilis 64 .. .GEFDRED IVVLNGD... v..yv, DVH YVIRIIGLPG DTVEMKNDAL YI.uivvves vuvvsunnes eunsvnvves cooroo NEK KVDEPYLAAN KKRAKQDGFD HLTDDFGPVK
SipP pTA1015 B.s. 65 ., GNFKRED TTILNGK... «. .\ EKSTH YVISRLIGLPG DTVEMKNDHL FI...vvvvv vovevvvvns wovunnanns vonor o NEN EVKEPYLSYN KENAKKVGIN LTGDFGPIKV
SpsB S.aureus 57 1 GGLEKEN VVVFHANK. . vvov oo (NDD YVIRVIGVPG DKVEYKNDTL YViuuviuoe vovencnnee vvnnannnes oaress NEK KQDEPYLNYN LKHKQGDYIT GTFQVKD. ..
Lep Plaminosum 80 .. NPPRRED TIVFHPTEAL KQANPSLNEA FIMRVIGLPG ETVAVTGGRV LI.vvvuvvs vavvvsnnes vovvncoven covnnNEQ PLEENYIQSP PDYQWGPEK. o oovvivens
PilC1 N.meningitidis 1068 DEKKTDDFPV TADGDAGGSG ..y .y TFK EGEKPARNNR CFSGKGVRTL LMyuvvuuus vovvvuiinn mnmunnnnns oovinninin siaaseanes shnesinis cronnannn
PilC2 N.meningitidis 1068 DEKKTDGFST TADGDAGGSG .. ... IDP AGIRSGKNNR CFSBKGYRTL LMu'uvvvvs vuvvvvinns vinvnnnnnn voviiinnen an e

9
LPRYQSDSYT LGTAEVLLMS DVSDTE

TraF RP4 12800000 i
TraF R751 129 Gaaiiin i LPRYQSNSYT LGNSEVLLMS DVSATG
TraF pTil5955 128 uiveivins oo . LLPDSGG VVPPHHLFLH SSFASSYISI
orf2 VirF pTil5955 128 .vovvvveve vovnvinins +0 o LLPDSGG VVPPHHLFLH SSFASSYIUST
TraF pTiA6 128 uvsenvnns avesas LLPDPGG VVPPHHLFLH SSFASSYIMH
Virl pTiA6 128 Weiaiiane o dai i s LLPDSGGRYVPHHEREHESSFASH YR
TraF pTiC58 128 vewvenia e veor v JAPFAGG VVPPGFLFLH SSFASYIMA
TraF pNGR234a 128 Liivsenias senensnean oo (MKPESGG TVPTDYVFLH SPRSGSYUMH
LepB E.coli 233 VTHRILTVPI AQDQVGMYYQ QPGAQLATWI VPPGQYFMMG DNRDNSIAUSIH
Lep S.typhimurium 234 VTHRILMVPI AQDOLGMYYQ QPGAPLATWY VPPGQYFMMG DNRDN
Lep Synechocystis sp. 158 vvovsvians souvieins oavn o PVK VPDDRYLVLG DNRNNH
SipS B.subtilis 136 vaviniinn vviivenes VPDNKYFVMG DNRRN
SipP pTA1015 B.s. 139 o “evivooons PKDKYFVMG DNRQESMESHY
SpsB S.aureus 128 ciiiiiin L.PNANPKSNV TPKGKYLVLG DNREV
Lep Plaminosum 161 Wi “ivivs vaevavess e VPADSFLVLG DNRNNS

PilC1 N.meningitidis 1122 +ovvvviiis
PilC2 N.meningitidis 1122 ...

EVV R e e e
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LVGRATAIWM SFDKQEGEWP TGLRLSRIGG IH
LVGKAVATWM SFDKQEGEWP TGYRLSRIGG IH
LLGRAFVRFW PVPRVGLLTD DAEREAVEIS PQAWESPAIS PQTVPESR
TAGTSKFVFY PFNEMRKTN

TQGTEEFVFF PFSNMRKAK

IVGKVSFRFW PFSEFKHNFN PENTKN
TIGRAVVRFW PVNRLGELGP PPSY

LLSLAGGH
LLGL A1

+ FHEYVPRAN
GPTCGMKRIS WREIFY
NDLDSIWIT GPTCGMKRIS WREVFF

FIG. 2. Sequence alignment of TraF-like proteins. Amino acid compositions of the different gene products are arranged in families; GenBank accession numbers
are given in parentheses. Dark yellow background, bacterial conjugative plasmids’ RP4 (L27758) and R751 (M94367) TraF. Yellow background, A. tumefaciens TraF
homologues from pTil15955 (P15595), pTiA6 (U43674), pTiC58 (U40389), and putative pTil5955 protein Orf2 (S15913), pTiA6NC Virl (2773263), as well as Rhizobium
Ti plasmid homologue pNGR234a TraF (P55417). Light yellow background, leader peptidases LepB of E. coli (K00426), Lep of Salmonella enterica serovar
Typhimurium (X54933), Lep of Synechocystis sp. (PCC6803), SipS of B. subtilis (Z11847), SipP of B. subtilis plasmid pTA1015 (AAC44415), SpsB of Staphylococcus
aureus (U65000), and Lep of Phormidium laminosum (S51921). Pale yellow background, N. meningitidis PilC1 and PilC2 (Y13020 and Y13021, respectively). Identical
amino acid residues in at least 11 sequences are shown with a red background. The catalytically active residues shown for E. coli leader peptidase I are marked with
a filled rhombus, the respective amino acids in RP4 TraF have been mutated, and further mutation sites in RP4 TraF are marked with an open rhombus, whereas the predicted
transmembranal helix (TMH) for RP4/R751 TraF is indicated with a line above the alignment. Gaps introduced to maximize alignment are indicated by dots. To
indicate the high conservation of TraF-like proteins in the uppermost two families, identical amino acid residues of these proteins are indicated by a blue background.

tion of cyclic, fully processed TrbC by Western blot analysis
only. The significantly larger amount of linear TrbC* rather
than that of processed pilin suggested a strong effect of these
particular mutations in TraF on the final maturation step.
However, while this amount of pilin was still sufficient to sup-
port conjugation, the formation of pili and propagation of
donor specific phages was not detectable.

Donor-specific phage propagation and pilus formation de-
pend on threshold levels of pilin. Propagation of three IncP-
specific bacterial viruses (PRD1, Pf3, and PRR1) was deter-

mined for TrbC and TraF mutants. The ratio of TrbC* and
pilin was estimated by Western blot analysis. TraF and TrbC
mutants which produce fully processed TrbC in comparable
amounts to the wild type show normal donor-specific phage
propagation and pilus formation. About one-third of TrbC*
must be converted to pilin at least, as in derivatives carrying
TraFC59A or C80A, before donor phage sensitivity and pilus
formation are detectable. If, however, maturation of TrbC is
lowered but to a level still sufficient for DNA transfer
(TraFS37A, K89Q, K89L, K89R, and D155N) or is lost com-
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TABLE 3. TrbC mutant phenotypes

Phenotype
trbC allele TrbC Transfer Dps© Pilus Primer used® (bp coordinates)
maturation®  frequency”  ppp;  PRRI PR3 formation?

Wild type C 0.9 x 10! + + + + (b) GAGCTCGGTACCCGGGGATCC, ATGGAAGCTTGATTAGGCGAG
CCGTCCAGCCGC (20,214-20,238)

mrbC45 NA <1x1077 - - - - Reference 20

AtrbC NA <1x1077 - - - - GTATTTCCAATGACAACGGCGGTACCGTTC (19,788-19,801), GAGC
CGTCCAGCCGGTACCGCACGCACGGC (20,199-20,228)

trbCS37A C 09 x 10! + + + + (b) GGCGATGGCCGCGGAAGGCACC (19,895-19,916)

trbCS37C C/L 0.9 x 107! - - - - GGCGATGGCCTGCGAAGGCACC (19,895-19,916)

irbCS37G c 09% 107+ T +(®)  GGCGATGGCCGGGGAAGGCACC (19.895-19,916)

trbCS37P NA/ <1x1077 - - - - GGCGATGGCCCCGGAAGGCACC (19,895-19,916)

trbCS37T C 0.8 x 107! + + + + (b) GGCGATGGCCACGGAAGGCACC (19,895-19,916)

trbCE38Q C 0.9 x 10! + + + + (b) GATGGCCTCGCAAGGCACCGGC (19,898-19,919)

trbCG42E C <1x1077 = — - - AGGCACCGGCGAAAGCTTGCC (19,911-19,934)

trbCE47Q C <1x1077 - — - - CTTGCCATATCAGAGCTGGCTG (19,926-19,948)

trbCG59R C <1x1077 - — - - CTCCGTAACCCGCCCGGTGGCC (19,961-19,982)

trbC178S C <1x1077 - - - - Reference 18

trbCF79A C <1x1077 - - - - CGGCGTGCTGATCAGGCGGCGAACTCA (20,018-20,046)

trbCE82Q C 0.7 x 107t + + + + (b) CTTCGGCGGCCAACTCAACGCC (20,030-20,051)

trbCVI6G C <1x1077 - — - - CCTGGTTCTGGGCATGGCGCTG (20,072-20,096)

rbCV106M C 0.9 x 10! + + + + (b) CGCGCAGAACATGATGAGCACC (20,102-20,123)

trbCF110A C 0.9 x 1073 - - - - GATGAGCACCGCCTTCGGTCGTG (20,117-20,138)

trbCF110Y C <1x1077 = — - - GATGAGCACCTACTTCGGTCGTG (20,117-20,138)

rbCF111A C <1x1077 + + + - GATGAGCACCTTCGCCGGTCGTG (20,117-20,138)

rbCF111Y C 03x1077 + + + - GATGAGCACCTTCTACGGTCGTG (20,117-20,138)

bCG112A C 03 %1077 + + + + (b) CACCTTCTTCGCTCGTGGTGCC (20,120-20,141)

rbCG112D L <1x1077 - - - - Reference 18

rbCG112S C 0.8x 10t + + + + (b) CACCTTCTTCAGTCGTGGTGCC (20,120-20,141)

rbCR113A C 09 x 10! + — — - CTTCTTCGGTGCTGGTGCCGAA (20,123-20,144)

rbCR113K C 0.9 x 10! + — - + (b) CTTCTTCGGTAAGGGTGCCGAA (20,123-20,144)

rbCG114A C <1x1077 + + + + (b) CTTCGGTCGTGCGGCCGAAATC (20,126-20,147)

trbCG114C L <1x1077 - - - - CTTCGGTCGTTGTGCCGAAATC (20,126-20,147)

rbCG114L L <1x1077 - — - - CTTCGGTCGTCTTGCCGAAATC (20,126-20,147)

irbCG114S CL 09% 1071+ - +(®)  CTTCGGTCGTAGTGCCGAAATC (20,126-20,147)

rbCG114T L <1x1077 - — - - CTTCGGTCGTACTGCCGAAATC (20,126-20,147)

rbCA115G C/L 0.7 x 107! - — - + (i) GGTCGTGGTGGCGAAATCGCGG (20,129-20,150)

trbCA115T C 0.9 x 107! + + + + (b) GGTCGTGGTACCGAAATCGCGG (20,129-20,150)

rbCE116Q L <1x1077 - - - - CGTGGTGCCCAAATCGCGGCC (20,132-20,153)

rbCI117H C 0.8 X107t NA NA NA NA GAGCTCGGTACCCGGGGATCC, ATGGAAGCTTGATTAGTGTTC
GGCACCACGACC (20,130-20,144)

trbCA3 C NA NA NA NA NA GAGCTCGGTACCCGGGGATCC, ATGGAAGCTTGATTACGCGAT
TTCGGCACC (20,136-20,150)

trbCA3.05 C NA NA NA NA NA GAGCTCGGTACCCGGGGATCC, ATGGAAGCTTGATTAGATTTC
GGCACCACG (20,133-20,147)

trbCA3.1 L NA NA NA NA NA GAGCTCGGTACCCGGGGATCC, ATGGAAGCTTGATTAGATTTC
GGCACCACG (20,130-20,144)

trbCA4 L NA NA NA NA NA GAGCTCGGTACCCGGGGATCC, ATGGAAGCTTGATTAACCACG

ACCGAAGAA (20,124-20,138)

“ Detection by Western blotting and MS as described in Materials and Methods. Pilin maturation is characterized as follows: C, circular pilin; L, linear TrbC*; C/L,
circular pilin and linear TrbC* were detectable simultaneously; NA, not applicable.

® Transconjugants per donor cell after 1 h of incubation with recipient HB101 Nx" at 37°C as described in Materials and Methods. The given frequencies represent
the average values of three independent experiments.

¢ Donor phage specificity (Dps) is characterized as follows: +, Dps positive; —, Dps negative; NA, not applicable. Data were derived from standard phage plaque
assays and electron microscopy; for details, see Materials and Methods.

“ Pilus formation is characterized as follows: + (b), great amounts of pili were only detectable as bundles; + (i), few pili were only detectable as individuals; —, no
pili were detectable; NA, not applicable.

¢ For point mutations, only the transcriptive strand primer is given, and for deletion mutants and the wild type, both the primers used are given. Nucleotides derived
from the original sequence are written in italics; mutagenized nucleotides are in boldface letters. RP4 coordinates of the nucleotides are given in parentheses according
to published sequence data (GenBank accession no. M93696).

I For details, see Results.

pletely (TraFD1551, TrbCG112D, G114C/L/T, and E116Q),
propagation of phages and formation of pili detectable by
electron microscopy is completely abolished (Fig. 3B, Table 4).
Thus, phage propagation and pilus formation only take place
when a certain threshold amount of pilin is produced, i.e., if
the TrbC processing cascade proceeds efficiently.

Uncoupling of conjugative DNA transfer from phage prop-
agation. DNA transfer, pilus assembly, and propagation of
phages require the complete TrbC processing cascade to take
place. In contrast to a diminished pilin production in several
TraF mutants, single-amino-acid exchanges in TrbC specifi-
cally inhibit one of the pilin-dependent processes. Detectable
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FIG. 3. Western blot analysis (for conditions, see Materials and Methods)
of E. coli SCS1 cell extracts (2 pl/lane) containing the plasmids indicated.
(A) Mutations in rbC. Lane a, pRE178 (trbC™") and pJH472 (traF*); lane b,
pRE178S37C and pJH472; lane ¢, pRE178S37P and pJH472; lane d,
pRE178F79A and pJH472; lane e, pRE178G112D and pJH472; lane
f, pRE178R113A and pJH472; lane g, pRE178G114A and pJH472; lane h,
pRE178G114S and pJH472; lane i, pRE178G114T and pJH472; lane j,
pRE178A115G and pJH472; lane k, pRE178A115S and pJH472; lane
I, pRE178E116Q and pJH472; lane m, pRE1781117H and pJH472; lane n,
pMS119 (vector) and pJH472. (B) Mutations in #raF. Lane a’, pRE178 (irbC™)
and pJH472 (traF*); lane b’, pRE178 and pJH472S37A; lane ¢’, pRE178
and pJH472C59A; lane d’, pRE178 and pJH472C80A; lane e’, pRE178
and pJH472K89Q; lane f’, pRE178 and pJH472K89L; lane g’, pRE178 and
pJH472K89R; lane h’, pRE178 and pJH472R90L; lane i’, pRE178 and
pJH472P1291; lane j', pRE178 and pJH472D1551; lane k', pRE178
and pJH472D155N; lane 1’, pRE178 and pJH472R157A; lane m’, pRE178 and
pJH472Y158F; lane n’, pMS119EH (vector) and pJH472. Positions of the 145-aa
PreProTrbC, N-terminally cleaved ProTrbC, N- and C-terminally processed
TrbCx, and (circular) pilin are indicated on the right side of the figure.

pilus assembly and phage plaque formation require more pilin
than conjugative DNA transfer, indicating that uncoupling of
the phenotypes is possible on a quantitative basis. Mutations
trbCF111A and trbCG114A led to a DNA transfer-deficient
phenotype but still allowed production of pilin and propaga-
tion of PRD1, PRRI1, and Pf3 (Table 3). For TrbCG114A,
bundles of pili could be detected by electron microscopy. Thus,
DNA transfer is independent from pilus formation. In con-
trast, TrbCF110A and TrbCA115G abolished phage plaque
formation completely, although pilin production and DNA trans-
fer were comparable to those of the wild type (Table 3).
Hence, formation of a pilus consisting of mutagenized pilin
(TrbCA115G, F110A) might not be sufficient for propagation
of phages in these cases. The two phenotypes, Tra™ Dps™~ and
Tra~ Dps™, demonstrated that conjugative DNA transfer and
phage propagation can be uncoupled from each other by mu-
tagenesis of TrbC.

Propagation of PRD1 and PRRI1-Pf3 utilize two different
Tra2-encoded receptor structures. PRD1 needs 11 compo-
nents of the Mpf system for propagation (18, 20). Nonetheless,
the receptor protein on the host cell has not been identified
(16, 20). Earlier studies of PRR1 and Pf3 showed the adsorp-
tion of these phages to IncP pili (8).

In phage adsorption experiments traced by electron micros-
copy, we were able to distinguish between direct cell surface
attachment of PRD1 and binding of PRR1-Pf3 to the extended
pilus (data not shown). Although the pilus is not the receptor
for PRD1, some mutations in #rbC abolish PRD1 propagation.
Such mutations always result in an additional PRR1-Pf3-neg-
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ative phenotype (Table 3 and reference 18). On the other
hand, three mutations in #6C (R113A/K, G114S) have been
found that abolish PRR1 or Pf3 attachment but still allow the
adsorption of PRD1 to the host cell. The TrbCR113A mutant
no longer assembles pili, whereas the TrbCRI113K and
TrbCG114S mutants still show bundles of pili. Thus, for PRR1
or Pf3 the receptor is the pilin assembled in a conjugative pilus,
whereas for PRD1 it remains an open question if a special
TrbC structure functions as the target on the cell surface.

DISCUSSION

In this study we show that RP4 traF encodes an enzyme
responsible for a highly specialized cutting-joining reaction,
producing a cyclic polypeptide. TraF’s enzymatic activity is
essential for RP4-mediated conjugative transfer, for the assem-
bly of functional receptors of donor-specific phages PRDI,
PRR1, and Pf3, and for synthesis of conjugative pili. TraF
processes the pilus subunit TrbC in nonpolar Tra2 mutants, as
well as in several TrbC point mutants. Less pilin is needed to
lead to a transfer-positive phenotype than for formation of
visible pili and adsorption of bacterial viruses (Fig. 3B). The
assembly of pilin into the pilus structure is strongly dependent
on the configuration of TrbC. Each of the point mutations in
the TrbC core (G42E, E47Q, G59R, 178S, F79A, and VI96G)
yielded a circular product, but none of these mutants produced
detectable amounts of pili. Moreover, each of these mutants
was transfer deficient. Assembly of a pilus seems to be another
highly specific process coordinated by the remaining essential
functions (TrbB, -D, -E, -F, -G, -H, -1, -J, and -L) of the Mpf
system (17). This specificity might depend on translational
coupling of #rbC with the preceding gene #rbB, the product of
which is the hexameric NTPase TrbB, a protein belonging into
the VirB11 group (25, 26). The weak NTPase activity of the
ring-shaped molecule which is associated with the inner mem-
brane could serve as a chaperone-like function in the pilus
assembly process.

Mutations in the C-terminal processing region of TrbC led
to different phenotypes. Three mutants (TrbCR113A/K and
G114S) lost Pf3 and PRR1 adsorption activity but supported
DNA transfer and PRD1 propagation. Moreover, in the
TrbCG114A mutant, bundles of pili are detectable and phages
PRRI1 and Pf3 still infect the cells, but no conjugative transfer
of DNA occurred (Table 3). When TrbCG114S is expressed in
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FIG. 4. Western blot analysis (for conditions see Materials and Methods)
of E. coli SCS1 cell extracts (2 pl/lane) in the absence (left) or the presence
(right) of traF. Plasmids used are as follows. Lane a, pMS119EH (vector);
lane b, pRE178 (rbC™*); lane ¢, pRE178A3 (rbCA3™); lane d, pRE178A3.05
(rbCA3.05"); lane e, pRE178A3.1 (rbCA3.17); lane f, pRE178A4 (rbCA4™);
lane a’, pJH472 (rraF ") and pMS119EH (vector); lane b’, pJH472 (traF ") and
pRE178 (rbC™); lane ¢’, pJH472 (raF ") and pRE178A3 (rbCA3™); lane d’,
pJH472 (traF ™) and pRE178A3.05 (rbCA3.05"); lane ¢', pJH472 (traF*) and
pRE178A3.1 (rbCA3.1"); lane f', pJH472 (traF ") and pRE178A4 (rbCA4™).
Standard molecular mass markers (Rainbow labeled markers, low range; Am-
ersham Pharmacia Biotech): Lys, lysozyme (14.3 kDa), and Apr, aprotinin (6.5
kDa). Positions of the 145-aa PreProTrbC, N-terminally cleaved ProTrbC, N-
and C-terminally processed TrbCx, and (circular) pilin (TrbC) are indicated on
the right side of the figure.
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TABLE 4. TraF mutant phenotypes

Phenotype
- Primer used®
traF allele TrbC Transfer Dps Pilus (bp coordinates)
maturation® frequency” PRDI PRRI PR3 formation?
Wild type C 0.9 x 10! + + + + (b) Reference 14
AtraF L <1x1077 - - - - Reference 19
traFS37A C/L 0.8 X107 - - — — Reference 19
traFC59A C/L 0.8 x 107! + + + + (1) GTCATGTTCGCCCCGCCGCAAG (46,405-46,426)
traFC80A C/L 0.7%x 107! + + + + (1) GGCGGTTTCGCCCCCGGCGA (46,344-46,363)
traFK89Q C/L 0.5x1073 - — - — Reference 19
traFK89L C/L 1.6 X 107 - - - - CTACATGATGCTGCGAGTTTTAG (46,315-46,337)
traFK89R C/L 0.8 X102 — — - - CTACATGATGAGGCGAGTTTTAG (46,315-46,337)
traFR90L C/L 0.8 X 107! + + + + (b) CATGATGAAGCTAGTTTTAGCCG (46,312-46,334)
traFP1291 C 09 x 107! + + + + (b) CGGCCGCTGATTCGTTATCAG (46,196-46,216)
traFD1551 L <1x1077 - - - - CACGTCTTTCCTCGGCCGCTAC (46,118-46,139)
traFD155N C/L 31x1073 - - - - CACGTCTTTCAACGGCCGCTAC (46,118-46,139)
traFR157A C/L 3.6X 1072 + + + + (i) CTTTCGACGGCGCCTACTTCGG (46,112-46,133)
traFY158F C 09 x 107! + + + + (b) CGACGGCCGCTTCTTCGGGCC (46,109-46,130)

“ Detection by Western blotting and MS as described in Materials and Methods. Pilin maturation is characterized as follows: C, circular pilin; L, linear TrbC*; C/L,

circular pilin and linear TrbC* were detectable simultaneously.

® Transconjugants per donor cell after 1 h of incubation with recipient HB101 Nx* at 37°C as described in Materials and Methods. The given frequencies represent

the average values of three independent experiments.

¢ Donor phage specificity (Dps) is characterized as follows: +, Dps positive; —, Dps negative. Data were derived from standard phage plaque assays and electron

microscopy; for details, see Materials and Methods.

@ Pilus formation is characterized as follows: + (b), great amounts of pili were only detectable as bundles; + (i), few pili were only detectable as individuals; —, no

pili were detectable.

¢ Only the transcriptive strand primers used are given. Nucleotides derived from the original sequence are written in italics; mutagenized nucleotides are in boldface
letters. RP4 coordinates of the nucleotides are given in parentheses according to published sequence data (GenBank accession no. M93696).

the absence of TraF, a detectable amount of protein showed
the same mobility as fully processed pilin in Western blot
analysis (data not shown); only the unprocessed form was
detected by MS. This indicated a possible TrbC truncation
completely independent of TraF. Due to missing phage ad-
sorption, missing pilus formation, and no DNA transfer abili-
ties of this mutant in the absence of TraF, a functional (circu-
lar) pilin was excluded but cannot be ruled out completely, in
particular because Edman sequencing was unsuccessful. Since
no functional influence on phenotypes could be assigned, our
studies did not focus further on this mutant. Nonetheless,
position G114 inhabits a key role in the processing reaction of
TrbC; thus, alterations are only tolerated in a limited manner.

From the pattern of conserved amino acid residues in TraF
and TraF analogs compared to that of the various signal pep-
tidases and from the results obtained in this study, we con-
cluded that the mechanism of the cleavage reaction and the
targeting of the peptidase domain in the periplasm resemble
those of signal peptidases (Fig. 2). The N termini of prokary-
otic and eukaryotic signal peptidases are anchored in the cy-
toplasmic membrane by one or more hydrophobic transmem-
brane helices (10, 12, 19). These segments are not directly
involved in catalysis but are important for the correct localiza-
tion of the catalytic domain at the periplasmic side of the
cytoplasmic membrane (for a review, see reference 12). No
cyclization of TrbC* could be observed when the proposed
transmembranal helix of RP4 TraF (residues 10 to 28 [19]) was
deleted. The truncated mutant protein probably remains in the
cytoplasm and thus cannot fulfill its function in the processing
cascade of TrbC.

Signal peptidases belong to a unique class of serine pro-
teases (6, 36, 50). Similar to LexA-like proteases, their catalytic
activity depends on a serine-lysine dyad-like mechanism (5,
53). In analogy to chromosome-encoded signal peptidases of
E. coli and B. subtilis, site-directed mutagenesis of the pro-
posed active site residues S37 and K89 of TraF leads to gene
products that display reduced activity and that do not support

the synthesis of conjugative pili. However, all mutations intro-
duced into the proposed catalytically active center of TraF still
had a residual transfer activity of at least 1 in 1,000 donor cells.
This could be explained by a very low proteolytic cleavage
activity of mutant TraF, demonstrated by Western blot analy-
sis. Evidence for the existence of very short, rod-like pilus
stumps on the cell surface is not given at present. Rod-like
stumps might be sufficient to establish the cell-to-cell contact
between donor and recipient, especially in the high cell density
of the filter assay.

Since S37 and K89 of RP4 TraF are conserved in all known
TraF-like proteins (Fig. 2) and almost all known prokaryotic
type I signal peptidases, we hypothesize that all of these en-
zymes function on the base of a catalytic serine-lysine dyad-like
mechanism. The putative active site lysine residue could not be
replaced by histidine in SipS of B. subtilis (53) or in LepB (51)
and LexA of E. coli (29) without substantial loss of activity.
Likewise, the structurally related eukaryotic type I signal pep-
tidases Secll, Spcl8, and Spc21, which contain a conserved
histidine residue at the position of the catalytic lysine residue
of the prokaryotic type I signal peptidases, catalyze signal pep-
tide cleavage by a different mechanism (52).

Aspartic acid 153 of B. subtilis SipS (D155 in RP4 TraF) is
important for catalysis (53). This residue is conserved in other
signal peptidases and in each of the TraF analogs. Changing
the respective aspartate in RP4 TraF to isoleucine (D155T) led
to a phenotype totally defective in TrbC maturation. No pilus
production, phage adsorption, or transfer of DNA could be
observed. When the aspartate was replaced by an asparagine
(D155N), no pili were visible, phage adsorption was lost, and
the transfer rate was reduced dramatically (1073, Table 4).
Thus, D155 fulfills an important role in the process of cycliza-
tion and represents, in addition to S37 and K89, a third essen-
tial residue of TraF. However, it is conceivable that this residue
is specific for TraF-like proteases since it is highly conserved in
this group of proteins (Fig. 2), but its function remains spec-
ulative. Possibly, D155 is part of an important structural ele-
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FIG. 5. Proposed mechanism for the TraF-catalyzed formation of an internal peptide bond in TrbC. For details, see Discussion.

ment which might also include other residues of the conserved
region at the C-terminal end of the TraF-like proteins. The
latter hypothesis is supported by several observations. First,
replacement of R157 by alanine caused a drastic reduction of
TraF activity. Second, S153, Y158, F159, and G160 are highly
conserved residues in all TraF-like proteases (Fig. 2).

The proposed mechanism for proteolytic processing by sig-
nal peptidases is based on the data of the autoproteolysis of E.
coli LexA, an intramolecular process, catalyzed by S119 and
K156 (30). Upon self-cleavage, LexA loses repressor activity
and some 20 SOS functions of the cell are derepressed. The
nucleophilic hydroxyl group of residue S119 attacks the car-
bonyl carbon of the scissile peptide bond, while the amino
group of lysine 156 acts as a general base. Thus, the self-
cleavage reaction of LexA would proceed through a covalent
tetrahedral intermediate and an acyl-enzyme intermediate, as
shown for the hydrolysis of peptide bonds by serine proteases
(36). However, the proposed mechanism for LexA differs from
that of the classical serine proteases because general base
catalysis is carried out by a lysine side chain instead of the
imidazole ring of the histidine. Based on the present data, we
suggest that TraF also makes use of a serine-lysine catalytic
dyad-like mechanism: the hydroxyl group of residue S37 of
TraF acts as the nucleophile attacking the carbonyl carbon of
the scissile peptide bond at the C-terminal end of the pilin
precursor (Fig. 5). The deprotonated form of the €-amino
group of K89 would serve to activate the hydroxyl group of
S37. The lysine’s e-amino group must be deprotonated to act as
a general base. The microenvironment surrounding the lysine
could include either a local positive charge or a hydrophobic
moiety, thus lowering its pK,. There are many examples of
lysine residues having pK, values significantly lower than 10.5
(39). The low pK, would allow the lysine to act as the general
base and promote catalysis. We propose the formation of an

oxyanion hole which might be stabilized by hydrogen bridge
formation to a proximal arginine or any other proton bridge
donor. However, crystallographic and mutational data indi-
cated that the proximal arginine in LepB does not support such
a formation (36). To exclude the possible importance of the
proximal arginine R90 in RP4 TraF, this residue was changed
to leucine. Comparable to LepB no decrease in activity re-
sulted from this mutation, indicating that R90 does not influ-
ence the putative oxyanion hole.

The TraF-like proteins and the type I signal peptidases differ
fundamentally in the formation of a new peptide bond in the
target protein, namely, the pilin. This unique type of reaction
is likely to be coupled with the removal of the tetra peptide
(A115 to A118), since no intermediate of TrbC was found in
our analyses of all TrbC and TraF mutants. Either TrbC is
processed and cyclized or the protein remains unprocessed and
linear. Our proposed mechanism for TraF catalysis of pilin
maturation diverges from the model proposed for signal pep-
tidases after the first tetrahedral intermediate is formed (Fig.
5). The resulting TraF acyl intermediate might conserve the
energy, which would be freed by breaking the peptide bond
between G114 and A115, explaining why the C-terminal dele-
tion mutant of TrbC ending at position G114 could not be
cyclized by TraF. Deletions ending with 1117 or H117 or else
A118 were indeed cyclized (Fig. 4), showing that at the least, a
triple peptide must be present. In the reaction mechanism
described for LepB, the energy is set free by loss of a water
molecule to the environment (11), resulting in the hydrolysis of
the acyl intermediate. It is known that these acyl intermediates
can react with other nucleophiles in hydrophilic environments
(15, 42). Most probably a comparable reaction is driven by
TrbC-acyl-TraF.

Binding of S37 to G114 of the immobilized and activated
TrbC would be the next step of the reaction. The pK, of the
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Vire2 19 LLALIVSIAAIEPN HNGGLDKVNTSMQK 50

| t]
PtIA 16 FMAACTLLSATLPD GGGLQRVNHFMAS 46

I
TrbC 20 LAVFFVLALALSAHP WSEGTGGSLPYESW 50

VirB2 58 FRHARFMDVVPVLGGA LVVGA 104

| ' |2
PtA 55 TRHADVLDVYRVVLAG LLI(IiA INSRRYLL 101
TrbC 76 FLVLVMALLVGAQGNVMSTFFGRGSEIALGN 121

FIG. 6. Potential common processing mechanism of RP4 TrbC (M93696),
Bordetella pertussis PtIA (L10720), Brucella suis VirB2 (AF141604), and Brucella
abortus VirB2 (AF226278). The latter two sequences are identical and shown
once only. Databank GenBank accession numbers are given in parentheses. Only
two short portions of the respective sequences are shown. The first and last
amino acid positions in each line are numbered according to the original se-
quences. Lines correspond to conserved residues in all sequences; colons in only
two of the sequences. Residues of a proposed common maturation process are
printed in white. Arrows mark sites of RP4 TrbC processing.

serine a-amino group should be 9.21 and thus protonated
under physiological conditions. Therefore, similar to the mech-
anism for protein splicing (38), the binding to the C terminus
could occur by formation of an ester bond with the serine side
chain which afterward is transformed to a peptide bond by acyl
replacement. We showed that the a-amino group of S37 and
not the hydroxyl function is involved in ring formation. Since
each of the mutants TrbCS37A/C/G lacking a side chain hy-
droxyl yielded cyclic peptides, we conclude that the e-amino
group of S37 and not the hydroxyl group is involved in ring
formation. A protonated N terminus would transfer its proton
to the removed tetrapeptide and at the same time attack the
acylic function, while forming a second tetrahedral intermedi-
ate as shown in Fig. 5. This would result in cyclic TrbC and the
restored TraF. When S37 of TrbC was replaced by bulkier
residues such as threonine and cysteine, the cyclization of
TrbC still took place, but much less effectively, indicating pos-
sible steric hindrance.

Whatever mechanism takes place, the biogenesis of the ma-
ture pilin appears to be a concerted reaction involving cleavage
and rejoining of a linear, doubly truncated peptide. The ab-
sence of a circular peptide in the case of the TrbC G114
deletion mutant supports this notion, suggesting that the re-
moval of four amino acid residues (A115 to A118) by TraF
peptidase is an intrinsic step in cyclization of the pilin. How-
ever, at present, our data may not exclude the possibility that
an additional chromosome-encoded enzyme is involved in
forming the peptide linkage, especially since the identity of the
chromosome-encoded enzyme which performs the first C-ter-
minal cleavage on TrbC remains unknown. Potential candi-
dates to carry out this task are cytoplasmic peptidases such as
Lon, which are specific for maturation between hydrophilic
residues (31), or the tail-specific protease Prc, which is located
in the cytoplasmic membrane (22, 31).

Circular peptides used as subunits of extrafilamentous struc-
tures might be found not only in conjugative systems but also
in some of the proposed macromolecular secretion systems of
human and animal pathogens (Fig. 6). Three sequences, the
pertussis toxin operon of Bordetella pertussis (55) and two re-
cently identified similar virulence operons of Brucella suis (34)
and Brucella abortus (46), contain potential pilin subunits, PtIA
and VirB2, respectively (Fig. 6). The percentage of identity

J. BACTERIOL.

with TrbC of RP4 is, for the overall protein sequence, rather
low. A more detailed sequence comparison revealed that two
alanine residues directly preceding the signal peptide cleavage
site in TrbC are found as well at comparable positions in PtIA
and VirB2 (Fig. 6). Signal peptide predictions for the latter two
proteins using the SignalP V1.1 program (http://www.cbs.dtu
.dk/services/SignalP/) revealed a potential signal peptide cleav-
age site following the second of these alanines for both se-
quences (33). Moreover, a sequence identical to the sequence
required for the leaving tetrapeptide in TrbC (AEIA) is found
at similar positions relative to TrbC in PtlA and in VirB2 (Fig.
6). Future studies are required to evaluate whether circular
pilin-like proteins are present in these secretion systems.
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