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During bacterial conjugation, the single-stranded DNA molecule is transferred through the cell envelopes of
the donor and the recipient cell. A membrane-spanning transfer apparatus encoded by conjugative plasmids
has been proposed to facilitate protein and DNA transport. For the IncPa plasmid RP4, a thorough sequence
analysis of the gene products of the transfer regions Tral and Tra2 revealed typical features of mainly inner
membrane proteins. We localized essential RP4 transfer functions to Escherichia coli cell fractions by immu-
nological detection with specific polyclonal antisera. Each of the gene products of the RP4 mating pair
formation (Mpf) system, specified by the Tra2 core region and by traF of the Tral region, was found in the outer
membrane fraction with one exception, the TrbB protein, which behaved like a soluble protein. The membrane
preparation from Mpf-containing cells had an additional membrane fraction whose density was intermediate
between those of the cytoplasmic and outer membranes, suggesting the presence of attachment zones between
the two E. coli membranes. The Tral region is known to encode the components of the RP4 relaxosome. Several
gene products of this transfer region, including the relaxase Tral, were detected in the soluble fraction, but also
in the inner membrane fraction. This indicates that the nucleoprotein complex is associated with and/or
assembled facing the cytoplasmic site of the E. coli cell envelope. The Tral protein TraG was predominantly
localized to the cytoplasmic membrane, supporting its potential role as an interface between the RP4 Mpf

system and the relaxosome.

The self-transmissible IncPa plasmid RP4 (60,099 bp) (44) is
known for its extremely broad host range; i.e., it is stably
maintained in all of the tested gram-negative bacteria. Fur-
thermore, the RP4 transfer system can mediate DNA trans-
mission by conjugation to a variety of different organisms, such
as gram-positive bacteria and even in yeasts (5, 24, 63). There-
fore, RP4 serves as a widely used model system for the study of
plasmid biology in general and conjugative DNA transfer in
particular. In addition, several findings provide evidence for a
close relationship of RP4-mediated bacterial conjugation and
T-DNA transfer from agrobacteria to plant cells (58). It has
been shown that the gene organizations and amino acid se-
quences of the gene products of the RP4 Tra regions, the Vir
regions of Ti plasmids of Agrobacterium tumefaciens, and other
transfer systems possess a remarkable degree of similarity (37,
39, 42). This family of related export systems for macromole-
cules (for reviews, see references 30, 39 and 59) includes, in
addition to the VirB operon of Ti plasmids (32, 66), conjuga-
tive transfer systems of IncN plasmid pKM101 and IncW plas-
mid R388 (46), as well as that of the Tra3 region of the Ti
plasmid (1, 14). Most remarkably, the RP4 transfer system is
also related to the pertussis toxin export system, the Ptl oper-
on, of Bordetella pertussis (69). In none of these systems have
the transport structures and the mechanism of the macromol-
ecule export process been studied extensively.

Two distinct regions of RP4, Tral and Tra2, encode essen-
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tial transfer functions (for a review, see reference 42). The
Tral region mainly encodes DNA processing functions for the
generation of the single-stranded DNA molecule which is
transferred to the recipient cell. The Tra2 core region (11
genes) and fraF of Tral belong to the so-called mating pair
formation (Mpf) system (22, 38). On the basis of our previous
studies, we postulate that three major components are re-
quired for conjugative transfer of RP4 into the recipient cell:
(i) the relaxosome, which is formed by gene products of the
Tral region, namely, TraH, Tral, TraJ, and TrakK, at the trans-
fer origin (oriT) (17, 42); (ii) the Mpf system; and (iii) TraG,
which is encoded by Tral and is thought to connect the rel-
axosome and the Mpf complex (9).

The essential components of the Mpf system were deter-
mined by constructing defined, mostly nonpolar knockout mu-
tations in each gene of the Tra2 core region. Ten Tra2 genes,
trbB, trbC, trbD, trbE, trbF, trbG, trbH, trbl, trbJ, and trbL, but
not trbK, were found to be essential for RP4-specific transfer.
Several criteria served to further characterize the RP4 Mpf
system: (i) mobilization of the non-self-transmissible IncQ
plasmid RSF1010 (RSF1010 encodes its own relaxosomal com-
ponents, but its transfer to a recipient cell relies on the Mpf
systems of conjugative helper plasmids), (ii) propagation of
donor-specific phages (PRD1, Pf3, and PRR1), and (iii) pilus
production. The Mpf components which are essential for RP4
transfer are also required for RSF1010 mobilization, for pilus
assembly, and for the formation of the phage receptor (22).
Selection of resistant cells via donor-specific phages led to the
mapping of mutations in each of the essential genes specifying
the Mpf components (19). The only gene of the Tra2 core
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TABLE 1. Plasmids used for expression and purification of RP4 transfer gene products

Gene product Plasmid Description® Reference
TrbF pDB220 pMS470A8A[Ndel-HindIIT|Q)[RP4 23,100—23,861]1”" 22
TrbG pJH23 pMS470A8A[Ndel-HindIII|Q)[RP4 23,870—24,774]"’C 22
TrbH pJH24 pMS470A8A[Ndel-HindIIT|Q)[RP4 24,767—25,285]1”" 22
Trx-TrbL pJH54 pMS125Q[pTrxFus, 2.724-3.080 kb, RsrIl 6X-His tag]” This work
TraF pWP471 pJF119EHQ[RP4 Nspl-Haell, 45,909—46,577]“ 68

“ All expression plasmids contain the pMBI1 replicon and encode resistance to ampicillin as the selective marker.
b Cloning and expression vector plasmids pTrxFus (35), pGZ161-3 (42, 71), pMS470A8 (3), and pJF119EH (16) were described previously. Plasmids pDB20 and

pMS125 were described elsewhere (22).

¢ RP4 sequence coordinates of the inserted fragment are according to published sequence data (44).

region which does not encode an essential RP4 Mpf compo-
nent is #7bK (19, 22). TrbK functions in entry exclusion (20).
The RP4 Mpf system is thought to encode a membrane-
associated structure that is responsible for establishment of the
intimate cell-to-cell contact between the donor and the recip-
ient and also serves as a receptor complex for donor-specific
phages like PRD1. Mpf components were proposed to form a
pore or channel, thereby facilitating the transfer of DNA
through the membranes into the recipient cell (39). The Mpf
gene products exhibit typical features of bacterial membrane
proteins, such as signal sequences and membrane-spanning re-
gions, suggesting that most, if not all, of these proteins are
membrane associated (37). Several proteins of the Ti VirB op-
eron and the B. pertussis Ptl operon, homologues of the RP4
Tra2 region, were localized to the respective cell envelopes (7,
15, 29, 56, 57, 60, 61, 67). However, little is known about the
architecture of the RP4-encoded or other, related transfer
complexes. In addition, the release of the single-stranded DNA
molecule from the relaxosome, initiating the DNA transport
through the membrane, seems to require a special trigger sig-
nal raised upon contact with a potential recipient cell (22, 42).
Therefore, a close interaction of the nucleoprotein complex
with the Mpf system and/or the host cell membrane can be
assumed. Here we describe the localization of essential RP4
transfer gene products to subcellular fractions of Escherichia
coli. Our data contribute to a better understanding of the struc-
ture and function of the RP4 DNA transfer apparatus and the
interplay of the individual components of this protein complex.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli K-12 strain SCS1 (recAI endAI gyrA96
thi-1 hsdR17[r,.- m; " | supE44 relAI), a DH1 derivative (23), was used as the host
for plasmids. Cells were grown in YT medium (40) buffered 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/ml. When appropriate, anti-
biotics were added as follows: ampicillin (sodium salt), 100 wg/ml; chloramphen-
icol, 10 pg/ml; and/or kanamycin sulfate, 10 wg/ml. The plasmids for expression
of RP4 transfer proteins are listed in Table 1. Strains used in cell fractionation
experiments are listed in Table 2.

DNA techniques. Standard molecular cloning techniques were performed in
accordance with procedures of Sambrook et al. (52).

Protein techniques. Isopropyl-B-p-thiogalactopyranoside (IPTG)-dependent
expression of proteins was performed as described previously (38). Proteins were
analyzed by electrophoresis, using standard sodium dodecyl sulfate (SDS)-poly-
acrylamide gels (34) or Tricine-SDS polyacrylamide gels (53). Solid-phase im-
munoassays were carried out as described before (36, 62), except that proteins
were transferred to polyvinylidine difluoride (PVDF) membranes (Millipore
or Amersham). Cross-reactions were visualized and quantified by using a Fluor-
Imager 575 and the software package ImageQuaNT (version 4.1b) (both from
Molecular Dynamics).

Protein purification for preparation of specific antisera. In this study, proteins
TrbF, TrbG, TrbH, and TraF and fusion proteins TraL-TrbD, Trx-TrbD, and
Trx-TrbL were purified in a denatured state and used to raise specific antibodies
in rabbits. Cultures (1.2 liters each) of SCS1 cells carrying the appropriate
expression plasmids (for descriptions of plasmids, see Table 1) were grown at
37°C to an A of 0.5 to 0.8. IPTG was added to a final concentration of 1 mM,
and shaking was continued for 4 to 5 h. Cells were harvested by centrifugation

and subsequently used to partially purify their respective proteins as follows.
TraL-TrbD was solubilized and denatured by lysing the cells with SDS cracking
buffer (15% [wt/vol] glycerol, 5% [wt/vol] SDS, 1 M 2-mercaptoethanol, 100 mM
Tris-HCI [pH 6.9]). The fusion protein was purified by preparative SDS-poly-
acrylamide gel electrophoresis (PAGE) as described below. For purification of
Trx-TrbD, TrbF, TrbG, TrbH, Trx-TrbL, and TraF, the corresponding cells were
resuspended in 25 ml of spermidine solution (100 mM spermidine, 200 mM
NaCl, 2 mM EDTA) and frozen in liquid nitrogen. The cells were thawed, and
15 ml of 10% (wt/vol) sucrose (in 100 mM Tris-HCI, pH 7.6), 0.5 ml of lysozyme
(50 mg/ml), 1 ml of 10% (wt/vol) Brij 58, 20 ml of 5% (wt/vol) sucrose (in 50 mM
Tris-HCI [pH 7.6]-100 mM NacCl), and 15 ml of 5 M NaCl were added; the
resultant suspension was kept on ice for 60 min and then centrifuged at
100,000 X g for 90 min. With the exception of Trx-TrbL, which was partially
present in the resulting supernatant, the proteins were found in the sediment.
Urea buffer (20 mM Tris-HCI [pH 7.6], 6 M urea, 50 mM NaCl, 1 mM dithio-
threitol, 1 mM EDTA) was added to these sediments, the samples were centri-
fuged as described above, and the respective proteins were subsequently solubi-
lized and purified by the use of individual protocols for Trx-TrbD, TrbF, TrbG,
TrbH, and TraF as described below. (i) The TrbG-containing urea supernatant
was saturated with (NH,),SO, to 60%), stirred for 2 h, and then kept overnight
at 4°C. The precipitated protein was collected by centrifugation and resuspended
in urea buffer. (ii) Following two urea extraction steps, proteins TrbF and TrbH
remained insoluble in the sediment and were solubilized by resuspending the
pellet in SDS cracking buffer. (iii) The urea-solubilized (His)s-tag-containing Trx
fusion protein Trx-TrbD and solubilized Trx-TrbL from the initial lysis step (see
above) were enriched by chromatography on an Ni**-nitrilotriacetate—agarose
column (Qiagen) (25, 26) in accordance with the manufacturer’s instructions.
Trx-TrbD was further subjected to hydroxylapatite chromatography and eluted
from the column with 100 to 150 mM sodium phosphate buffer. (iv) After the
urea extraction step, TraF in the sediment was solubilized in guanidine buffer (20
mM Tris-HCI [pH 7.6], 3 M guanidine hydrochloride, 100 mM NaCl, 1 mM
EDTA). Following dialysis against urea buffer containing 10% glycerol, TraF

TABLE 2. Strains used for cell fractionation experiments

Plasmid(s) in host strain SCS1 Description Reference(s)
None Control
pML123 Tra2 region” 38
pML123, pWP471 Mpf system” 38, 68
pML123, pML100 Tra2, traF* traG* 38
pML123, pVWDG23110A0.2  Tra2 and Tral regions 22, 38
pVWDG23110A0.2 Tral region® 22
pMS54 trbB* 42
pDB179 rbB* rbC* 2,22
pKW21A1 trbE™* 22
pDB220 irbF* 22
pJH23 rbG* 22
pJH24 trbH* 22
pDB25 trbI’™ 22
pDB260 rbJ ™" 22
pDB27 trbK™* 20, 22
pMS125 rbL* 22
pWP471 traF* 68

“ Plasmid pML123 contains the Tra2 transfer function genes trbB, trbC, trbD,
trbE, trbF, trbG, trbH, trbl, trb], trbK, trbL, and trbM (38).

® The RP4 Mpf system consists of the Tra2 core region and the Tral gene traF
(22, 38).

¢ Plasmid pVWDG23110A0.2 contains the Tral transfer function genes traA,
traB, traC, traD, traE, traF, traG, traH, tral, tral, trakK, traL, and traM (22).
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remained partially soluble and was subsequently separated from most contami-
nating proteins by hydroxylapatite chromatography. Preparative SDS-PAGE was
used as the final step for purification of TraL-TrbD, TrbF, TrbG, TrbH, and
Trx-TrbL. Protein solutions from previous purification steps (see above) were
applied to polyacrylamide gels (12 to 17% acrylamide), and their respective
protein bands were recovered by using a model 491 Prep Cell apparatus (Bio-
Rad) in accordance with the manufacturer’s instruction. Antiserum against mal-
tose binding protein (MBP) was purchased from Sigma. Antisera against leader
peptidase (LPase) and OmpA were a generous gift of Bruce L. Geller.

Cell fractionation. (i) Isolation of membranes. The separation of cytoplasmic
(CM) and outer (OM) membrane fractions was based on isopycnic sucrose
density gradient centrifugation of the total membrane fraction (41). A 0.5-liter
culture of SCS1 cells containing the appropriate plasmid was grown to an 4, of
0.8 to 1.0. Cells were harvested by centrifugation, resuspended in 20 ml of 10 mM
Tris-HCI (pH 7.4)-1 mM MgCl,, and kept on ice during further treatments.
RNase A and micrococcal nuclease were added, and the cells were broken by
three passages through a precooled French pressure cell at 8,000 Ib/in? (55). The
disrupted cells were treated with lysozyme (0.1 mg per ml of cell suspension;
Boehringer Mannheim) for 30 min on ice. After the intact cells were removed by
centrifugation, KCl was added to the supernatant to a final concentration of 0.2
M (11) and the membranes were separated from the soluble fraction by centrif-
ugation at 100,000 X g for 2 h. The supernatant, representing the soluble fraction
(cytoplasm and periplasm), was stored at —20°C. The membrane-containing
pellet was resuspended in 2.5 ml of 10 mM Tris-HCI, pH 7.4. A 1-ml aliquot of
this suspension was layered on top of a discontinuous sucrose density gradient
consisting of 1.5 ml of 55% (wt/wt) sucrose and 2 ml each of 50, 45, 40, 35, and
30% (wt/wt) sucrose in 10 mM Tris-HCI, pH 7.4. The gradients were centrifuged
for 16 h at 35,000 rpm and 4°C in a Beckman SW41 rotor.

For density flotation of the membranes, cells were grown to an A4, of 0.5 as
described above, harvested by centrifugation, and resuspended in 10 mM Tris-
HCI, pH 7.4. The cell suspension was disrupted by two passages through a French
pressure cell. Unbroken cells were removed by centrifugation, and the total
membrane fraction was collected from the supernatant by centrifugation at
100,000 X g for 2 or 10 h. The membrane pellet was resuspended in 55% (wt/wt)
sucrose in 10 mM Tris-HCl (pH 7.4)-5 mM EDTA. Two density flotation
gradients were used. A 2-ml sample was layered on a sucrose cushion (0.5 ml of
60% [wt/wt] sucrose) and overlaid either with 3 ml of 50%, 3 ml of 45%, 2 ml of
40%, 1 ml of 35%, and 0.5 ml of 30% (wt/wt) sucrose or with 1.5 ml of 55%, 3
ml of 50%, 2 ml of 45%, 2 ml of 40%, and 1 ml of 35% (wt/wt) sucrose in 10 mM
Tris-HCI (pH 7.4)-5 mM EDTA. Centrifugation was performed in a Beckman
SW41 rotor at 35,000 rpm and 4°C for 72 h. Fractions (0.5 ml) were collected
starting from the top by using a Piston Gradient Fractionator (BioComp Instru-
ments, Inc., Fredericton, New Brunswick, Canada). The refractive index and 4,
nm of the gradient fractions were measured.

(ii) Release of periplasmic proteins. SCS1 cells containing appropriate plas-
mids were grown as described above. Cells were collected by centrifugation and
resuspended in cold 10 mM Tris-HCI (pH 7.8)-0.75 M sucrose. The cell suspen-
sion was stirred slowly at 0°C for 10 min, after which lysozyme was added to the
final concentration of 160 wg/ml. Spheroplast formation was achieved by addition
of cold EDTA to a final concentration of 1 mM. A sample was taken from which
to recover the released periplasmic proteins and the detached OM. Spheroplasts
and intact cells were removed by centrifugation, and the OM was separated from
the periplasmic proteins by ultracentrifugation (100,000 X g for 3 h). The mem-
brane pellet was resuspended in 10 mM Tris-HCI, pH 7.4.

An aliquot of the spheroplast preparation was subjected to sonication to
release the cytoplasmic proteins. Unbroken cells were removed by centrifuga-
tion. The total membrane fraction (CM and OM) was collected from the super-
natant by centrifugation as described above, and the membrane pellet was re-
suspended in 10 mM Tris-HCl, pH 7.4. The supernatant contained both
periplasmic and cytoplasmic proteins. Cell fractions were analyzed by SDS-
PAGE and solid-phase immunoassay as described above.

Electron microscopy. Isolation of membrane vesicles from appropriate cells
was attained by performing a flotation experiment as described above. Light-
scattering fractions from the sucrose gradients (representing CM, OM, and an
additional membrane fraction, termed MCM [for Mpf-containing membranes]
[see Fig. 3]) were collected, and membrane vesicles were fixed with 3% glutar-
aldehyde at 24°C for 20 min. The diluted and fixed membranes were collected by
centrifugation at 60,000 X g for 15 h and processed for thin-section transmission
electron microscopy as previously described (4). Micrographs were taken with a
Jeol 1200 EX electron microscope operating at 60 kV.

RESULTS

RP4 transfer proteins contain potential membrane-span-
ning and membrane-associating structural domains. To im-
prove our understanding of the RP4 transfer apparatus, we
performed a systematic sequence search of RP4 proteins for
potential secondary-structure elements, which are typical com-
ponents of membrane proteins. Signal sequences for Sec-de-
pendent protein translocation across the cytoplasmic mem-
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brane have been previously predicted for six gene products of
the Tra2 region, TrbC, TrbG, TrbH, TrbJ, TrbK, and TrbM
(Fig. 1) (37). Two of these proteins, TrbH and TrbK, contain
signal peptides that are typical components of bacterial lipo-
proteins. The lipid modification of TrbK was verified in a pre-
vious study (20). In addition, the signal peptidase cleavage sites
within TrbC (21), TrbG, and TrbJ (22) were determined ex-
perimentally. TrbC has been identified as the precursor of
pilin. Pilin is a cyclic polypeptide (13).

Integral membrane proteins often insert into the lipid bi-
layer by means of one (bitopic) or more (polytopic) mem-
brane-spanning a-helices (classification is according to the sys-
tem described in reference 8). These normally consist of 18 to
24 predominantly hydrophobic amino acid residues. Potential
transmembrane helices (TMH) were identified in several of
the Tra2, but also in Tral, gene products (Fig. 1). TrbE, TrbF,
TraF, and TraM each contain only one TMH, which probably
serves as a membrane anchor. According to the positive-inside
rule of von Heijne (65), the topology of TrbF, TraF, and TraM
is such that their N termini face the cytoplasm. Interestingly, in
contrast to the other two proteins, the potential membrane
anchor of TraM is at the C terminus; thus, the N-terminal
major part of the protein would remain in the cytoplasm. Due
to the presence of a number of positively charged amino acid
residues at the C-terminal side of the single TMH of TrbE, the
polypeptide probably inserts into the membrane in a head-first
orientation, leaving the bulk of the protein in the cytoplasm
(see also Fig. 7A). For TrbC, TrbD, Trbl, TrbL, TrbO, and
TrbP, two or more transmembrane helices were predicted (Fig.
1), suggesting that the polypeptide chains of these gene prod-
ucts span the membrane multiple times.

Additional hydrophobic stretches of at least 10 amino acid
residues, which may contribute to the interaction of the protein
with the cell membranes, are present in a large number of RP4
transfer gene products (Fig. 1). Association of proteins with
the membranes can also be facilitated directly by amphiphilic
helical domains (28, 45) or indirectly by binding to integral
membrane proteins. Potential a-helices of amphiphilic charac-
ter were found in several RP4 transfer proteins (Fig. 1). Some
of these segments may play a role in membrane association of
the respective protein.

Localization of RP4 transfer proteins in E. coli cell frac-
tions. To obtain data supporting the hypothesis of an enve-
lope-traversing DNA transfer apparatus, we determined the
membrane localization of RP4 gene products, which are in-
volved in conjugation. Because these proteins are minor com-
ponents of a cell, the initial method chosen was the immuno-
logical identification of RP4 proteins in E. coli cell fractions.
The generation and characterization of specific antisera
against a number of RP4 proteins have been described previ-
ously (Table 3). Additional antisera were raised against two
TrbD fusions, TrbF, TrbG, TrbH, a TrbL fusion, and TraF,
which were purified as described in Materials and Methods.
The antisera obtained specifically recognized the expected
gene product(s) in extracts of cells that expressed the protein
in the original gene arrangement (data not shown but summa-
rized in Table 3). The two antisera against TrbD (TraL-TrbD
and Trx-TrbD fusions) both recognized the respective antigen.
The antiserum against Trx-TrbD also reacted with the TralL-
TrbD fusion protein, suggesting specificity for the TrbD moi-
ety. However, no specific cross-reaction was observed with
extracts from #rbD-containing SCS1 cells (Table 3), suggesting
that the specificity and/or sensitivity of the antisera was insuf-
ficient.

Essential transfer components of the Mpf and DNA transfer
and replication (Dtr) system, have been previously deter-
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FIG. 1. Schematic representation of potential membrane-spanning or membrane-associating segments within RP4 transfer proteins. Polypeptide chains of proteins
encoded by RP4 transfer regions are shown as lines corresponding to the scale at the top of the figure. The number of amino acid (AA) residues deduced from the
nucleotide sequence (44) is given for each polypeptide. Signal sequences were predicted according to the method of von Heijne (64) and are shown as dark-gray bars.
Arrows indicate the predicted cleavage sites. Potential transmembrane helices (white bars) were found by the PHDhtm and the PHDtopology programs (European
Molecular Biology Laboratory [EMBL], Heidelberg, Germany [47, 48]). Additional stretches of at least 10 consecutive hydrophobic amino acid residues (horizontally
striped bars) were identified by the hydropathy plot method of Kyte and Doolittle (33). Potential amphiphilic helical segments (vertically striped bars) were determined
by using the secondary-structure prediction program PHDsec (EMBL) (49-51) in combination with the helical-wheel projection method of Schiffer and Edmundson
(54). A surplus of positively charged amino acid residues, which is important for the topology of membrane proteins according to the positive-inside rule (65), is
indicated by a plus sign.
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TABLE 3. Antisera used for detection of RP4 transfer
gene products

Antigen” Reactivity of antiserum Reference(s)”
TrbB (n) TrbB+ 2
TraL-TrbC (d) Tral-TrbC+, TraL+, TrbC+ 2,22
TrbE (d) TrbE+ 22
TrbF (d) TrbF+ This work
TrbG/TrbGe (d) TrbG+, TrbG*+ This work
TrbH (d) TrbH+, TrbH* + This work
Trbl (d) TrbI+ 22
TrbJ¢ (n) TrbJ+, TrbJ*+ 38
TrbKe (d) TrbK+, TrbK* + 20
Trx-TrbL (d) Trx-TrbL+, TrbL+ This work
TraF (d) TraF+ This work
TraG (n) TraG+ 42
TraH (n) TraH+ 42
TraL-Tral (n) Tral-Tral+, Tral+ 42
Tral (n) TraJ+ 42
TraK (n) TraK+ 42
TraL (n) TralL+ 42

“ Purified proteins were used as antigens in their native (n) or denatured (d)
state.

® For a description of strains used for expression and purification of respective
proteins in this work, see Table 1.

¢ N-terminally processed gene product.

mined, and the two separate plasmid regions, Tral and Tra2,
encoding these functions have been cloned into compatible
vector plasmids (36, 38). Also, the individual genes have been
cloned separately in expression vectors. In these constructs,
expression is controlled by the IPTG-inducible P,,. promoter.
Because the RP4-encoded Tra components constitute only a
minority of the cellular proteins, all of our studies were carried
out with uninduced cells. We also approximated the amounts
of proteins produced, in comparison to RP4-containing cells,
by Western blotting. In the case of Mpf complex proteins
produced from plasmids pML123 (TrbB, -C, -D, -E, -F, -G, -H,
-1, -J, and -L) and pWP471 (TraF), 5 to 10 times more Mpf
proteins were produced than for RP4 cells. This led to an
approximately fourfold increase in the number of active Mpf
complexes (activity was determined by plasmid transfer [36],
phage propagation [37], and phage receptor saturation exper-
iments [10, 31]) with no detectable loss in cell viability. A
comparable increase was detected when individual Tra pro-
teins were produced. Again, no adverse effects on cell viability
were detected. This indicates that the results obtained were not
the result of a major blockage of membrane protein translo-
cation pathways. To determine whether the localization of
certain RP4 transfer proteins requires the presence of other
RP4-encoded gene products, we analyzed cells expressing dif-
ferent portions of the RP4 Tra system. Thus, the host strain
SCS1 contained the Tral or the Tra2 region alone; the entire
Mpf system, consisting of the Tra2 region and TraF; or all of
the essential transfer functions, i.e., the Tral region plus the
Tra2 region (Table 2). In addition, the localization of the Mpf
components was determined in strains in which the respective
gene products were expressed independently of any other RP4
protein (Table 2). Strain SCS1, containing no plasmid, served
as a control.

Disrupted cells were separated into three compartments, the
soluble fraction, CM (inner membrane), and OM, as described
in Materials and Methods. Isopycnic sucrose gradient centrif-
ugation of the total membrane fraction resulted in two major
peaks, with buoyant densities of 1.15 and 1.22 g/cm?, typical
values for CM and OM, respectively. Sufficient separation of
the CM and OM fractions was demonstrated by determining
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the SDS-PAGE protein pattern of the collected fractions (data
not shown) and by immunological detection of the OM refer-
ence protein, OmpA (Fig. 2). The presence of the RP4 transfer
proteins in the soluble, CM, and OM fractions was determined
by solid-phase immunoassay with specific antisera.

The RP4 Tra2 proteins are thought to be involved in the
formation of a structure for transport through the E. coli cell
envelope and to facilitate contact between the donor and re-
cipient cells. As expected, most of the 11 essential Mpf pro-
teins were found in the membrane fractions (Fig. 2A). In the
expression strains producing individual proteins, all transfer
components containing predicted «-helical transmembrane
segments (TrbC, -E, -F, -1, and -L) were located in the soluble
and CM fractions. The presence of these proteins in the solu-
ble fraction was due to cross-contamination of the soluble
fraction with small CM vesicles (data not shown), which are
difficult to remove from that fraction under the centrifugation
conditions used. Three proteins, TrbB, -G, and -J, were found
in the soluble fraction (containing soluble cytoplasmic and
periplasmic proteins) (Fig. 2A). TrbB was also detected in the
CM fraction. The only protein associated with OM alone was
TrbH. When the entire Tra2 region, the Mpf system, or all
essential RP4 transfer functions were present in the cell, all
Mpf components except TrbB were found in the OM fraction
(Fig. 2A). TrbB was found in the soluble and CM fractions.
TraF, the only Tral region gene product belonging to the Mpf
system, was found associated with the CM fraction in cells
deficient for other transfer genes but was shifted to the OM
fraction in the presence of the Tra2 region (Fig. 2B).

RP4 Mpf complex forms an envelope structure connecting
the CM and OM. In equilibrium centrifugation gradients, all
Tra2 proteins were found to be associated with the OM zone
when Mpf-containing cells were used, even though most of
these proteins were predicted to localize to the CM on the
basis of their sequence characteristics and they were shown to
localize to soluble and CM fractions when individual proteins
were studied. This suggests that some Mpf components affect
the localization of others and that this multicomponent struc-
ture links the CM and the OM. It has been reported that when
cell envelopes of E. coli and Salmonella typhimurium are frac-
tionated by flotation density gradient centrifugation, mem-
brane fractions in addition to the major inner membrane and
OM can be isolated (27). A fraction of somewhat lower density
than the OM is likely to include the CM- and OM-derived
adhesion zones, originally described by Bayer (6). To deter-
mine whether an additional membranous fraction in cells con-
taining either RP4 or plasmids encoding the Mpf system could
be separated, we subjected the total membrane preparation to
further analysis by density flotation. In flotation gradients,
membrane components float to reach their isopycnic positions
while denser components remain at the site of sample appli-
cation. The shape of the gradient in the flotation experiment
was optimized to separate the CM and the OM or the OM and
the sample application position.

In the SCSI1 control strain, two major light-scattering zones
were detected, at sucrose densities of 1.16 and 1.23 g/cm? (see
Fig. 4). The identities of the membranous structures in the
separated fractions were determined by immunological detec-
tion of the inner membrane and OM reference proteins LPase
(signal peptidase I) and OmpA, respectively (Fig. 3). Separa-
tion of the cytoplasmic and OM fractions was also verified by
thin-section electron microscopy (Fig. 4A) and by determining
the protein content of the gradient fractions by SDS-PAGE
(data not shown). In the control (no plasmid) cells, the cyto-
plasmic and OM reference proteins were found in vesicles
floating at densities of about 1.16 and 1.23 g/cm?, respectively
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FIG. 2. Immunological detection of RP4 transfer proteins in E. coli cell fractions. SCS1 cells containing the appropriate plasmids were fractionated into soluble
(SF), CM, and OM fractions as described in Materials and Methods. Plasmids in the host strain encoding the indicated transfer functions or individual gene products
are listed in Table 2. Proteins in the soluble and the membrane fractions were separated on standard SDS-polyacrylamide gels and were transferred to PVDF
membranes, which were subsequently incubated with the appropriate antiserum specific for Tra2 (A) and Tral (B) region gene products (Table 3). To the lanes on
the left side of each panel were applied appropriate amounts of crude cell extract (cce) from the respective expression strains.

(Fig. 3 and 4B). Also, the protein concentration pattern across
the gradient fractions showed two major peaks, with buoyant
densities of 1.16 and 1.23 g/cm?, respectively (Fig. 4B).

In RP4- and Mpf-containing cells, in addition to the major
CM and OM zones, a third light-scattering zone, designated
the MCM, was detected at a density of about 1.21 g/cm?. There
was a shift of the membranous material from CM to this
density, as supported by the following observations: (i) the
intensity of the CM zone decreased concomitantly with the
increase in intensity of the MCM zone; (ii) the CM marker
protein, LPase, moves to the MCM fraction (Fig. 3); and (iii)
the MCM fraction contains morphologically CM-type vesicles
(Fig. 4A). This effect was more substantial in gradients in
which Mpf-containing cells were analyzed than in the corre-
sponding fraction in experiments in which RP4-containing cells
were used. This fraction also contained OM material, as shown
by the presence of the OM marker protein, OmpA (Fig. 3),
and by the morphology of the material in this fraction (Fig.
4A).

Since the light-scattering zone at a density of 1.21 g/cm? was

present only in cells containing RP4 transfer proteins, and not
in control cells, we next determined whether the Mpf compo-
nents were associated with vesicles floating at this density. In
Mpf-containing cells, all components except TrbB localized in
the MCM fraction but were also found in the OM fraction
(Fig. 3). TrbB behaved like a soluble protein and remained at
the site of sample application. In RP4-containing cells, in
which the number of transfer complexes is smaller than that of
Mpf cells (10), Mpf components were detected mainly in the
OM fraction.

TrbJ is a periplasmic component of the transmembrane
Mpf complex. For specific release of periplasmic proteins, the
OM was made leaky by EDTA-lysozyme treatment. By phase-
contrast microscopy, the degree of spheroplast formation was
determined to be over 95%. Detached OM was separated from
the periplasmic proteins by differential ultracentrifugation. An
aliquot of the spheroplast preparation was also disrupted by
sonication, and fractions containing the cellular membranes
(CM and OM) as well as soluble cytoplasmic and periplasmic
proteins were collected. The presence of Mpf proteins was
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FIG. 3. Immunological detection of RP4 Mpf components in the membrane
fractions. Flotation of the total membranes in density gradients resulted in the
separation of the CM and the OM of the control SCS1 strain. An additional, an
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determined by solid-phase immunoassay (data not shown but
summarized in Fig. 5). Efficient separation of periplasmic pro-
teins and OM was verified by immunodetection of the OM and
periplasmic reference proteins, OmpA and MBP, respectively.
LPase served as a CM marker.

Localization of the Mpf proteins in cells containing RP4 or
the Mpf system is summarized in Fig. 5. Only one of the Mpf
proteins, TrbJ, was released from the cells under the condi-
tions used and hence was detected in the periplasmic fraction
and the fraction containing both soluble cytoplasmic and
periplasmic proteins. TrbB was also found in the total soluble
fraction, but not in the periplasmic fraction. All of the other
Mpf proteins were localized in fractions containing cell mem-
branes. Immunodetection was strongest in the fraction con-
taining both the CM and the OM. However, small amounts
were also found in the OM detached from the spheroplasts.
Mpf proteins in RP4- and Mpf-containing cells localized iden-
tically. It is intriguing, though, that MBP is found in only
minute amounts in the Mpf-containing-cell fractions studied.

RP4 DNA transfer and replication functions are specified by
soluble and membrane-associated components. Most of the
RP4 Tral region gene products specify DNA transfer and
replication functions and are thus suspected to be soluble cy-
toplasmic proteins, some of which might be associated with the
cell envelope. Immunological identification of all essential
Tral-encoded transfer components in E. coli cell fractions is
shown in Fig. 2B. Tral gene products TraG and Tral were
clearly localized to the CM fraction (Fig. 2B). When all RP4
transfer functions are expressed in the cell, TraG can also be
found in the OM fraction. Relaxosomal components TraH,
TraJ, and TraK were predominantly found in the soluble frac-
tion. However, minor portions of TraH and TraK were also
detectable in the CM fraction (Fig. 2B). In addition, TraL was
detected predominantly in the soluble fraction but, to a small
degree, also in the CM and, in the presence of the Tra2 region,
even in the OM fraction (Fig. 2B).

The membrane association of TraG, TraH, TraK, and TralL
in SCS1 cells containing Tral or both the Tral and Tra2 regions
cloned in separate replicons was further analyzed by flotation
density gradient centrifugation (Fig. 6). TraG was clearly de-
tected in the OM fraction as well as in the intermediate band
(MCM) (Fig. 3) of cells containing all Mpf components and
TraG. Also, TraL associated with the OM fraction irregardless
of the presence of the Tra2 region in the cells. TraH and TraK
behaved as soluble proteins; TraH was detected only in the
soluble fraction (as shown for cells containing Tral and Tra2).
A fraction of TraK sedimented with total membranes but re-
mained at the position of sample application.

DISCUSSION

The hypothesis that a membrane-spanning channel or pore
is formed by plasmid-encoded transfer functions of the donor
cell mediating protein and DNA transport is popular. Until
now, the hypothesis of channel-mediated DNA transfer of
IncP plasmids has rested mainly on genetic data. Some evi-
dence that the RP4 Mpf system indeed serves as a path

intermediate light-scattering zone (MCM) was detected in cells containing either
RP4 or the Mpf genes (plasmids pML123 and pWP471). Aliquots of the fractions
were analyzed in standard SDS-polyacrylamide gels, and the proteins were trans-
ferred to a PVDF membrane. Incubation with specific antisera identified the Mpf
components (listed on the right) in different cell fractions. cce, crude cell extract;
TM, total membranes; ¢, crude cell extract of the control SCS1 strain; 1 to 20,
fractions collected starting from the top of the gradient. The arrows indicate the
sample application position.
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FIG. 5. Specific release of periplasmic proteins. Control and RP4- and Mpf-
containing cells were transformed to spheroplasts (S) and subsequently sepa-
rated into fractions containing periplasmic proteins (PP), OM, soluble cytoplas-
mic (CP) and periplasmic (PP) proteins, and total membranes (OM and CM) as
described in Materials and Methods. +, Mpf components immunologically iden-
tified in the periplasmic, total membrane, and soluble fractions; (+), Mpf pro-
teins detected in small amounts in the OM. Some of the Mpf proteins were under
the level of detection (u.d.) in RP4-containing cells.

through the cell envelope came from studies of the electro-
chemical properties of Mpf-containing cells (10). In this inves-
tigation, we showed that individual RP4 transfer proteins are
translocated across, inserted into, or associated with the mem-
branes, depending on or independent of host-encoded secre-
tion factors, as illustrated in Fig. 7A, and that the entire Mpf
complex is associated with cell membranes.

Disruption of the Mpf-containing cells and subsequent sep-
aration of cell membranes in density flotation gradients led to
the discovery of an additional membrane fraction, MCM, with
a density close to that of the OM fraction. The flotation tech-
nique is a powerful means of separating soluble proteins from
those associated with the membranes (as shown also for TrbB
in this investigation). The MCM fraction contained all Mpf
components except TrbB. Interestingly, both cytoplasmic
(LPase) and OM (OmpA) marker proteins were also found in
this fraction. This indicates that a major rearrangement of the
membrane architecture has taken place. In the control strain,
LPase and OmpA were found in the cytoplasmic and OM
fractions, respectively. This strongly suggests that (i) the Mpf
proteins form a complex and (ii) the complex connects the CM
and OM, binding them together. Association of the CM
marker with membranes of high density can also be seen in
RP4-containing cell fractions. The number of transfer com-
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FIG. 6. Immunological detection of RP4 DNA transfer and replication com-
ponents in the membrane fractions. Plasmids in the SCS1 host strain encoding
the indicated transfer functions or individual gene products are listed in Table 2.
Flotation of the total membranes of cells containing the Tra2 region in density
gradients resulted in the separation of the CM and the OM and, in addition, an
intermediate band (MCM). Aliquots of the fractions, collected starting from the
top of the gradient (fraction numbering is identical to that of Fig. 3), were
analyzed in standard SDS-polyacrylamide gels, and proteins were transferred to
PVDF membrane. Incubation with specific antisera identified the Tral region
components (listed on the right) in different cell fractions. oe, corresponding
overexpression strain; cce, crude cell extract; TM, total membranes; c, crude cell
extract of the control SCS1 strain; 1 to 20, fractions collected. The arrows
indicate the sample application position.

plexes in Mpf-containing cells is approximately fourfold higher
than that in RP4-containing cells (10, 31). This is in accordance
with the more distinct intermediate membrane zone observed
in Mpf-containing cells.

The data from flotation experiments suggest that the Mpf
complex is anchored to the CM, as discussed above. This is also
supported by the finding that five Mpf components (TrbE, -F,
-1, -L, and TraF) that were predicted to contain a-helical mem-
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brane-spanning regions localize to the cytoplasmic membrane
(Fig. 2 and 3). The association of these transfer proteins with
the CM is in accordance with the localization of corresponding
proteins in related DNA and protein export systems (7, 15, 29,
57, 60, 67). Two of the Mpf components, TrbG and TrbJ, were
suspected to be periplasmic proteins due to the presence of a
signal peptide cleavage site (22). Also, TrbJ seems to be more
loosely connected to other Mpf complex proteins, since it is
released from cells during spheroplast formation. TrbG was
instead tightly associated with the cell fraction containing all
other Mpf components. Both proteins were soluble when ex-
pressed in the absence of other Mpf components. One of the
Mpf proteins, TrbH, was shown to be associated with the OM.
The TrbH protein contains a signature sequence common in
lipoproteins targeted to the OM (18, 37, 70). The only transfer
protein which could not be extracted from Mpf-containing cells
along with other Tra2 region gene products was TrbB. Results
from density flotation and spheroplast experiments suggest
that it has a cytoplasmic localization. However, this does not
exclude the possibility of an association of TrbB with the cy-
toplasmic portion of the Mpf complex.

Conjugative transfer of plasmid DNA probably begins with
the triggered release of single-stranded DNA resulting from
the site- and strand-specific cleavage of the plasmid DNA by
relaxase within a high-precision nucleoprotein complex, the
relaxosome (43). The results obtained from the localization
experiments in this study clearly indicate that the RP4 relaxo-
some is located in the cytoplasm, in association with the CM
(Fig. 7B). This association is independent of the membrane-
spanning Mpf complex, since Tral and TraL localized, at least
partially, to the CM in the absence of the Tra2 region proteins.
In the presence of Mpf components, TraLL was found even in
the OM fraction. Relaxosome components TraH and TraK are
soluble cytoplasmic proteins, since the portion of these pro-
teins that sedimented with total membranes remained at the
bottom of the flotation gradients. The binding of the compo-
nents of the RP4 relaxosome to the CM could be direct, via the
hydrophobic or amphiphilic segments which are predicted to
lie within Tral and TraL (Fig. 1), or indirect, by interactions
with integral or peripheral membrane proteins. A possible
anchor protein is TraG, whose proposed function is to connect
the two protein complexes, the Mpf system and the relaxosome
(Fig. 7B). Preliminary results suggest that Tral and TraG in-
deed bind to each other (43). In the localization experiments,
TraG was found to be associated with the CM irregardless of
the presence of the Tra2 region. More remarkably, in Mpf-
containing cells, TraG was found in the intermediate band,
suggesting a connection with the Mpf complex.

Our attempt to estimate the number of molecules of the
different RP4 transfer components per cell led to the observa-
tion that the number ranged from less than five (Tral relaxase)
to several thousand (Fig. 7). The number of Mpf complexes
which serve as a receptor for the donor-specific phage PRD1
was calculated to be about 25 per RP4-containing cell (10, 31).
It is obvious that the pool of Mpf proteins exceeds the amount
needed to form active complexes. In many biological systems,
the expression level of the proteins is in line with the amount
of proteins needed. In this light, it can be assumed that the
major Mpf proteins (TrbB, -E, -F, -G, -H, -1, -J, and -L, and
TraF) are present in multiple copies in each of the active
complexes. It is also possible that there is a dynamic assembly
and disassembly of the entire complex, which could partly
explain the large pool of individual transfer proteins. It should
be noted, however, that the number of Mpf proteins in a cell is
small compared to that of major protein complexes such as
OmpA (approximately 10° molecules per cell).
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The central question in bacterial conjugation is how the DNA
traverses the cell envelopes of the donor and recipient cells. The
current model proposes that two major complexes, the relaxo-
some and the Mpf protein complex, interact via the TraG-like
proteins, which serve as an interface between the two complexes.
Which of these components is involved in DNA transport?

The observation that the Mpf proteins form a complex,
together with genetic evidence and evidence from electron
microscopy, demonstrate that (i) 11 Mpf components are es-
sential for IncP pilus production in the absence of any DNA-
processing function (22), (ii) the same 11 Mpf components are
essential for extrusion of the receptor(s) for donor-specific
phages on the cell surface (19, 22), and (iii) the same 11
plasmid-encoded components are sufficient to form conjuga-
tive junctions (A. L. Samuels, E. Lanka, and J. Davies, unpub-
lished data). Conjugative junctions consist of electron-dense
material of unknown nature between the cell envelopes of
intimately closely positioned donor and recipient cells, gener-
ally called mating aggregates (12). The properties mentioned
are certainly consistent with role for the Mpf complex in pro-
tein transport and protein-protein interaction(s). However,
whether the proposed multifunctional Mpf protein complex in
addition directly interacts with DNA, providing the pathway
for DNA from the donor to enter the recipient cell, remains an
open and tempting question. So far there has been no exper-
imental evidence supporting the hypothesis that Mpf interacts
with DNA.

Other transport systems which are phylogenetically related
to conjugative Mpf systems, like the pertussis toxin secretion
system, appear to function in protein transport only (42, 59).
Since these systems lack TraG-like proteins, the TraG analogs
of conjugative systems might play a key role in DNA transport.
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