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TrwD, a hexameric ATP hydrolase encoded by plasmid R388, is a member of the PulE/VirB11 protein
superfamily of traffic ATPases. It is essential for plasmid conjugation, particularly for expression of the
conjugative W pilus. In the present study, we analyzed the effects that TrwD produced on unilamellar vesicles
consisting of cardiolipin and phosphatidylcholine in equimolar amounts. TrwD induced dose-dependent vesicle
aggregation and intervesicular mixing of the lipids located in the outer monolayers in the presence of calcium.
It also induced extensive leakage of the vesicular aqueous contents. A point mutant of TrwD with a mutation
in the P loop of the nucleotide-binding region (K203Q) that lacks both ATPase activity and the ability to
support conjugation showed the same behavior as native TrwD in all of these processes, which were indepen-
dent of the presence of ATP. Structure prediction methods revealed a close similarity to Helicobacter pylori
protein HP0525, another member of the PulE/VirB11 family, whose crystal structure is known. The interpre-
tation of our data in the light of this structure is that TrwD interacts with the lipid bilayer through hydrophobic
regions in its N-terminal domain, which leads to a certain degree of membrane destabilization. TrwD appears
to be a part of the conjugation machinery that interacts with the membranous systems in order to facilitate
DNA transfer in bacteria.

The biological importance and evolutionary implications of
bacterial conjugation are well known. This DNA transfer pro-
cess occurs through a complex multistep mechanism involving
the formation of various supramolecular assemblies. At least
15 different proteins are involved, and several of them are
members of families implicated in bacterial conjugation or
related processes (12, 19, 45). The TrwD-like protein family
includes members involved in various instances of macromo-
lecular transport in bacteria besides conjugation (18, 33).
VirB11, a close relative of the family, is required for T-DNA
transport from Agrobacterium tumefaciens into plant cells (39).
PulE, a more remotely related homolog, is required for pullu-
lanase secretion in Klebsiella oxytoca (34).

TrwD, also a member of the VirB11 family, is encoded by
conjugative plasmid R388. This plasmid contains one of the
simplest gene organizations known for a conjugative transfer
system (8). The trwD gene is located in PILW, the R388 region
involved in pilus formation. Many TrwD homologues are
known (35), and many have functions unrelated to conjuga-
tion. TrwD was cloned and purified by us as a glutathione
S-transferase (GST)–TrwD fusion protein (35). The fusion
protein was functionally active, as shown by genetic comple-
mentation assays. It displayed ATP hydrolase activity that was
essential for R388 conjugation. When the conserved lysine
residue of the nucleotide-binding site (Walker box) of TrwD
was replaced with glutamine, the mutant form (K203Q) lacked

ATPase activity and had a dominant negative effect on conju-
gation, suggesting that the mutation did not abolish the capac-
ity of TrwD to interact with other components of the conjuga-
tive machinery (35). Recent work has shown that TrwD,
together with other members of the VirB11 family, gives rise to
hexameric ring structures (21, 22)

Several observations point toward an interaction of TrwD
with bacterial membranes, namely, (i) the fact that the purifi-
cation yield increased in the presence of 0.5 M NaCl, as is often
the case with peripheral membrane proteins; (ii) TrwD was
found to be at least partially associated with the bacterial outer
membrane; and (iii) the ATPase activity of TrwD increased in
the presence of mixed micelles of detergent and phospholipids
(35). In view of these data, an investigation was undertaken to
explore specifically the interaction of TrwD with membranes.
With this purpose, native and mutant (K203Q) forms of TrwD
were prepared as described previously (35). Small unilamellar
vesicles (SUV) and large unilamellar vesicles (LUV) with de-
fined lipid compositions were used as model membranes. Re-
sults showed that, under our conditions, TrwD induced vesicle
aggregation with leakage of vesicular aqueous contents and
intervesicular lipid mixing but no intervesicular mixing of aque-
ous contents (fusion). Recently, Yeo et al. (44) have reported
the crystal structure of protein HP0525, another member of
the TrwD family whose conformation shows close similarities
to the predicted secondary structure of TrwD. Yeo et al. (44)
showed that the N-terminal domain of the protein contains a
hydrophobic surface and suggested that this region of the pro-
tein is responsible for membrane association. We suggest that
the membrane-active character of TrwD, shown by the exper-
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iments presented in this work, is caused by a similar hydropho-
bic region in our protein.

MATERIALS AND METHODS

TrwD was purified in the form of a fusion protein with GST from soluble
extracts of Escherichia coli D1210 containing plasmid pSU4618 as described by
Rivas et al. (35). When required, the fusion protein was incubated with factor Xa
and the fragment corresponding to TrwD was purified by affinity chromatogra-
phy as described previously. A site-specific mutant form of TrwD, namely,
K203Q, was purified from E. coli D1210 containing plasmid pSU4631 by the
same procedure as used for the native protein, as described in our previous work.

Egg phosphatidylcholine (PC) and egg phosphatidylglycerol (PG) were grade
I from Lipid Products (South Nutfield, United Kingdom). Cardiolipin (CL),
cholesterol (Ch), and Triton X-100 were purchased from Sigma. Egg sphingo-
myelin was from Avanti Polar Lipids (Alabaster, Ala.). 1-Aminonaphthalene-
1,3,6-trisulfonic acid (ANTS), p-xylenebis(pyridinium bromide) (DPX), and oc-
tadecylrhodamine B (R18) were supplied by Molecular Probes, Inc. (Eugene,
Oreg.). N-(7-Nitro-2,1,3-benzoxadiazol-4-yl) (NBD)-phosphatidylethanolamine
(PE) and N-(lissamine rhodamine B-sulfonyl)-dioleoyl PE (rhodamine-PE) were
obtained from Avanti. The lipids were mixed in organic solvent, evaporated
thoroughly under a stream of N2, and left under a vacuum for at least 2 h to
remove traces of solvent. The dry lipid film was then dispersed in the appropriate
aqueous solution. SUV were prepared by sonication with an MSE (Crawley)
probe (10- to 12-�m amplitude) for 40 min at 4°C (1). Vesicle size was measured
by quasielastic light scattering (QELS) in a Malvern Zetasizer 4 spectrometer.
For QELS measurements, the buffer had been previously filtered through 0.22-
�m-pore-size filters. The average diameter of the vesicles was 45 to 55 nm.

LUV were prepared by the extrusion method of Mayer et al. (24) using
Nuclepore filters with a 0.1-�m pore diameter at room temperature. QELS
measurements revealed an average diameter of 110 to 120 nm for these large
vesicles.

Destabilization of vesicle bilayers by TrwD. To monitor the interaction of
TrwD with model membranes, fluorescence measurements were done with a
Shimadzu RF-540 spectrofluorometer. Samples containing a 0.2 mM lipid con-
centration in the form of vesicles were used; the process was initiated by addition
of TrwD protein (concentration, 17 nM) to a protein-lipid ratio of 1:12,000.
Samples were continuously stirred. The buffer contained 50 mM Tris-HCl (pH
7.5), 100 mM NaCl, and 10 mM CaCl2 unless otherwise stated. All experiments
were done at 25°C.

Vesicle aggregation assays. Vesicle aggregation was estimated as an increase
in the amount of light scattered by the suspension with both the excitation and
emission monochromators of the spectrofluorometer at 520 nm.

Lipid mixing. Lipid mixing was measured by dilution in the bilayer of self-
quenching probe R18 as described by Hoekstra et al. (20). The 0% fluorescence
level (or 0% mixing) was determined from a 1:4 mixture of 8 mol% R18 con-
taining liposomes and R18-free liposomes. The fluorescence of the same amount
of liposomes with the diluted probe uniformly distributed, i.e., 1.6 mol% R18-
containing liposomes, was taken as the 100% fluorescence level or 100% lipid
mixing.

Alternatively, lipid mixing was assayed by the resonance energy method of
Struck et al. (40) using NBD-PE and rhodamine-PE. A modification of the latter
method, proposed by McIntyre and Sleight (25), was used to measure the mixing
of inner monolayer lipids. In this procedure, vesicles containing NBD-PE and
rhodamine-PE are treated with sodium dithionite so that the fluorophores are
reduced and their fluorescence is quenched. Since the bilayer is relatively im-
permeable to dithionite, the fluorophores located in the inner monolayer remain
unquenched and most of the signal arises from fluorescence probes in the inner
monolayer. Excess dithionite is then removed by passing the vesicle suspension
through a Sephadex G-75 column. TrwD-induced lipid mixing in these vesicles
actually reports on the intermixing of inner vesicle monolayers.

Mixing and release of aqueous contents. Mixing of vesicle aqueous contents
and vesicle leakage were estimated by using the ANTS/DPX fluorescent probe
system described by Ellens et al. (15). The osmolality of intra- and extravesicular
solutions was measured in a cryoscopic osmometer (Osmomat 030; Gonotec,
Berlin, Germany) and adjusted to 0.3 osmol/kg by addition of NaCl. Fluores-
cence scales were calibrated for fusion and release assays as described previously
(28). The excitation wavelength was adjusted to 355 nm. An interference filter
(470 nm) was used to avoid scattered excitation light.

Protein binding to vesicles. To measure the parameters of TrwD binding to
membranes, 0.5 mM LUV in D2O-buffer (50 mM Tris-HCl [pH 7.5] and 100 mM
NaCl in D2O) were incubated with protein (0.1 to 1.0 �M in D2O-buffer) and
centrifuged at 513,000 � g under conditions leading to vesicle flotation, as

described by Pereira et al. (32). Protein concentrations in appropriate samples
were determined by comparison with known amounts of TrwD in Coomassie
blue-stained gels after sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. Bands were quantified by using the Quantity One software in a Fluor-S
MultiImager (Bio-Rad). Lipid concentration was determined by using the fluo-
rescent probe rhodamine-PE mentioned above.

RESULTS

Preliminary experiments were done with SUV with the fol-
lowing compositions: (i) PC-PE-Ch at a 2:1:1 molar ratio, (ii)
sphingomyelin-PE-Ch at a 2:1:1 ratio, (iii) PC-PG at a 1:1
ratio, and (d) PC-CL at a 1:1 ratio. These compositions were
chosen for their different physical properties and are not typ-
ical of bacterial membranes. The following buffers were used:
(i) 50 mM Tris-HCl (pH 7.5), (ii) 5 mM MgCl2–50 mM Tris-
HCl (pH 7.5), and (iii) 150 mM NaCl–50 mM Tris-HCl (pH
7.5). In all cases, TrwD-induced vesicle aggregation was de-
tected by measuring changes in light scattering of the liposo-
mal suspension. Only in the case of CL-containing bilayers and
magnesium-containing buffer was aggregation observed. All
subsequent experiments were done with PC-CL (1:1 molar
ratio) bilayers in the presence of divalent cations. This system
has some tendency to aggregate, even in the absence of TrwD
(42, 43), so that a small proportion (usually less than 10%) of
the aggregation signal detected in the presence of TrwD could
be due to spontaneous vesicle aggregation (see specific exam-
ples below). To correct for this, all of the results shown were
corrected for the changes observed in the absence of protein.
Unless otherwise stated, the total lipid concentration in the
assay was 0.2 mM. TrwD, in the form of a fusion protein with
GST, was usually added at 17 nM.

Studies with sonicated SUV. Divalent cations often play a
substantial role in macromolecular assemblies and in mem-
brane processes. Since Mg2� was seen to facilitate aggregation
in the preliminary experiments described above, the effects of
various concentrations of Mg2� and Ca2� on TrwD-induced
vesicle aggregation were tested (Fig. 1). In general, Ca2� was
more potent than Mg2� in facilitating aggregation (note the
different ordinate scales in Fig. 1A and B). Consequently, all
further experiments, unless otherwise stated, were done with
10 mM CaCl2–100 mM NaCl–50 mM Tris-HCl (pH 7.5) buffer.
When TrwD ATPase activity was tested, Mg2� allowed higher
activities than Ca2�, as expected for an ATPase. This under-
lines the twofold activity of TrwD, as a membrane-active pro-
tein and as an ATPase.

A series of control experiments were performed in order to
ensure that the observed effects were due to a specific effect of
TrwD in its native conformation. Although GST-TrwD was
used in most experiments, free TrwD was occasionally pre-
pared by factor Xa hydrolysis of the fusion protein (35). Free
TrwD had the same effects as GST-TrwD, at equal concentra-
tions, on vesicle aggregation. Conversely, addition of bovine
serum albumin, at concentrations 1�, 10�, and 100� that of
TrwD, had no effect on vesicle aggregation. Similar experi-
ments with GST produced no effect. Similarly, no effect was
observed when TrwD denatured by repeated freezing and
thawing or by heating at 100°C for 30 min, was added to the
SUV suspension in the presence of 10 mM Ca2�.

TrwD-elicited vesicle aggregation was dose dependent, as
shown in Fig. 2, and the slope of the aggregation-versus-time
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curves increased linearly between 4 and 400 nM protein at a
constant vesicle concentration.

Protein-induced vesicle aggregation is often accompanied by
other membrane-dependent phenomena, e.g., intervesicular
lipid mixing, leakage of aqueous contents, or mixing of vesic-
ular aqueous contents (18, 23, 30). These phenomena were
independently tested in our system. As seen in Fig. 3, under the
same conditions leading to vesicle aggregation, TrwD induced
intervesicular lipid mixing and extensive release of aqueous
contents. However, no mixing of vesicular aqueous contents
was detected (Fig. 3, curve d). Usually, intervesicular mixing of
both bilayer lipids and aqueous contents is required to ascer-
tain the fusion of vesicles (6). In a situation such as that shown
in Fig. 3, the extensive leakage may obscure the result of
contents mixing but the fact that lipid mixing did not go beyond
40% speaks against the presence of vesicle fusion induced by
TrwD, because such a value may reflect the mixing of just
external monolayer lipids. Thus, the data in Fig. 1 to 3 are best
interpreted as TrwD specifically inducing SUV aggregation,

vesicle leakage, and intervesicular lipid mixing but no vesicle-
vesicle fusion.

Studies with LUV. SUV, usually obtained by sonication,
have an inherent metastability derived from their small radius
or high curvature (2, 16). This property makes them ideal for
the detection of small perturbations caused by proteins or
other agents. However, the curvature of cell membranes is
better represented by large liposomes. Therefore, the results
obtained with SUV were complemented with studies using
LUV as model membranes. In the latter experiments, a mutant
protein (K203Q) was also studied in which a conserved lysine
residue in the nucleotide-binding site was replaced with glu-
tamine, with which the ATPase activity is lost (35).

FIG. 1. Influence of divalent cations on TrwD-induced aggregation
of SUV composed of PC-CL at an equimolar ratio. Vesicle aggrega-
tion was assayed as an increase in light scattering (520 nm) by the
suspension. SUV were suspended in 100 mM NaCl–50 mM Tris-HCl
buffer (pH 7.5) with additions as follows: A, MgCl; B, CaCl2. Curves:
a, 0 mM; b, 1 mM; c, 2.5 mM; d, 5 mM; e, 10 mM. Protein was added
at 60 s.

FIG. 2. Dose dependence of SUV aggregation induced by TrwD.
(A) Selected examples: curves 1 to 4 correspond to experiments in
which protein concentrations were, respectively, 8, 17, 20, and 100 nM.
Curve c corresponds to a control experiment in which the protein (100
nM) had been heat denatured prior to its addition to the vesicle
suspension. (B) Initial slopes of the scattering-versus-time curves plot-
ted as a function of the TrwD concentration. A.U., arbitrary units.
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TrwD induced aggregation of LUV composed of PC-CL at
a 1:1 molar ratio (Fig. 4A). The relative increase in turbidity
was smaller than that obtained with SUV (compare with the
data in Fig. 3). This could be due to a variety of reasons, chief
among them the larger basal turbidity of LUV suspensions and
the larger size, and thus the smaller diffusion coefficient, of
LUV. Both of these reasons also explain why aggregation of
LUV occurs at a much lower rate than that of SUV (compare
Fig. 3 and 4A). The K203Q mutant was indistinguishable from
the native protein in its vesicle-aggregating properties. Vesicle
aggregation induced by TrwD in the presence of 3 mM Mg2�-
ATP gave exactly the same results as shown in Fig. 4A in the
absence of nucleotide.

Intervesicular lipid mixing was also induced by TrwD in
LUV preparations, as shown in Fig. 4B. Lipid mixing occurred
to a lesser extent and at a slower rate than that of SUV
(compare with Fig. 3). This was to be expected from the rela-
tively reduced rate and extent of LUV aggregation, since ag-
gregation is an obvious prerequisite for significant lipid mixing
to occur. Again, the K203Q mutant behaved in a manner
similar to that of native TrwD.

As mentioned above, PC-CL vesicles have a spontaneous
tendency to aggregate; therefore, the results shown in Fig. 4
correspond to the TrwD-induced spectroscopic signal after
subtraction of the spontaneous signal. This is explicitly shown
in Fig. 5 for a representative example.

The lipid mixing results shown in Fig. 3 and 4B were ob-
tained with the R18 assay (20). However, this lipid has some
tendency to partition into the aqueous medium, thus giving rise
to possible artifacts (38). For this reason, the lipid mixing test
was repeated with a method based on fluorescence energy
transfer between NBD-PE and rhodamine-PE (40). Very sim-
ilar results were obtained: 23% lipid mixing after 6.0 min with

FIG. 3. Effects of TrwD on SUV stability. Curve a shows vesicle
aggregation, which was assayed as an increase in light scattering (520
nm) by the suspension. Curve b shows intervesicular lipid mixing,
which was measured by dilution in the bilayer of self-quenching probe
R18. The excitation and emission wavelengths were, respectively, 560
and 590 nm. Curve c shows release of vesicular aqueous contents,
which was estimated with the ANTS/DPX fluorescent probe system.
The excitation and emission wavelengths were, respectively, 355 and
520 nm. Curve d shows intervesicular mixing of aqueous contents,
which was also measured with the ANTS/DPX system. In all cases,
SUV composed of PC-CL at a 1:1 molar ratio were used. Phospholipid
and protein concentrations were, respectively,0.2 mM and 17 nM.

FIG. 4. Effects of TrwD on LUV stability. (A) Vesicle aggregation
measured as light scattering (520 nm). (B) Intervesicular lipid mixing
measured by the R18 method (continuous line) and intervesicular
mixing of aqueous contents (dotted line) measured as described in the
legend to Fig. 3C. (C) Intervesicular mixing of inner monolayer lipids
measured as described by McIntyre and Sleight (25) with NBD-PE and
rhodamine-PE. (D) Release of vesicular aqueous contents measured
as described in the legend to Fig. 3. Phospholipid and protein concen-
trations were as described in the legend to Fig. 3. N and M refer to the
native and mutant forms of TrwD, respectively.
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R18 versus 18% with NBD-PE/rhodamine-PE (data not
shown), thus confirming the previous observations. With the
NBD-PE/rhodamine-PE system, the K203Q mutant behaved
like native TrwD.

The NBD-PE/rhodamine-PE method has the advantage that
it can be modified to reveal specifically the intermixing of lipids
in the inner monolayer of the vesicles. This is achieved by
reducing with sodium dithionite the fluorescent probes in the
outer monolayer, thus quenching their fluorescence. Excess
dithionite is then removed with a Sephadex G-75 column (25).
Mixing of inner monolayers should normally occur when com-
plete vesicle fusion (i.e., mixing of lipids and contents) is taking
place. As seen in Fig. 4C, no significant mixing of inner mono-
layer lipids was elicited by the native or mutant form of TrwD.

In agreement with these observations, intervesicular mixing of
aqueous contents failed to occur to any significant extent (Fig.
4B, dotted line), thus confirming the absence of vesicle fusion.

Finally, leakage of aqueous contents from LUV was also
studied. TrwD induced release of vesicular contents (Fig. 4D)
but to a much smaller extent than in the case of SUV. This is
a case in which the metastable character of SUV led to a
response different from that produced by the more stable
LUV, as will be discussed below.

In summary, TrwD specifically induced vesicle aggregation,
intervesicular lipid mixing, and release of aqueous vesicular
contents but not complete vesicle fusion. Very similar results
were obtained with SUV and LUV, the differences observed
between the two systems being due mainly to the inherent
properties of the respective bilayers. The mechanism by which
TrwD produced these effects is independent from its ATP
hydrolase activity and may be related to the presence of ex-
posed hydrophobic regions in the protein, as proposed below.

TrwD binding to LUV. In order to quantify TrwD binding to
membranes, LUV were mixed with the protein in D2O-buffer
and centrifuged at high speed under conditions leading to
vesicle flotation as described by Pereira et al. (31, 32). Vesicle-
bound and free proteins are expected to separate under these
conditions. For total TrwD concentrations ranging from 0.1 to
1.0 �M, 45% � 15% (n � 8) of the total protein became
incorporated into the liposome fraction, remaining in the up-
per fraction of the tube, while the free protein sedimented at
the bottom. (Fig. 6). This is in agreement with the previous
finding that the protein is found partly free and partly mem-
brane bound in the cell (35).

DISCUSSION

TrwD displays two different activities, that of an ATP hy-
drolase (35) and that of a protein that interacts with and
perturbs the stability of membranes (this paper). The results in
Fig. 4, which show no difference in membrane activity between
native TrwD and a mutant form inactive in ATP hydrolysis,
indicate that the two activities need not be coupled in the
mechanism of TrwD function. Moreover, the dominant char-
acter of the K203Q mutation (35) suggests that the mutant
form kept intact its capacity to form hexamers. The same is
true for the TrwD homolog TrbB. The equivalent mutant form
of this protein (K161A) was shown to be Tra�, transdominant,
and still capable of assembling into hexamers (22)

TrwD-induced membrane perturbation. The precise effect
of TrwD on bilayer architecture is defined by the experiments
in Fig. 2 to 4. The protein induces vesicle aggregation in a
dose-dependent way. Aggregation usually occurs as a mecha-
nism by which to avoid contacts between water and hydropho-
bic molecules. This is, e.g., the mechanism of liposome aggre-
gation due to the in situ production of diacylglycerol by
phospholipase C (4). In the present case, TrwD binding to (and
perhaps partial insertion into [see below]) the lipid bilayer may
lead to exposure of the membrane hydrophobic matrix. Alter-
natively, the protein may expose additional hydrophobic areas
on its surface upon binding of the bilayer. Any of these phe-
nomena would explain the observed aggregation.

Leakage of vesicular contents occurs concomitantly with ag-
gregation. Leakage is more extensive in SUV, and it probably

FIG. 5. Influence of spontaneous aggregation and lipid mixing in
LUV consisting of CL-PC at a 1:1 ratio. The lipid concentration was
0.2 mM. Panels: A, vesicle aggregation; B, intervesicular lipid mixing.
Curves: 1, experimentally observed effect upon addition of 17 nM
TrwD; 2, experimentally observed effect upon mixing of the vesicles
with a buffer containing 10 mM calcium in the absence of protein; 3,
difference (curve 1 minus curve 2). Curve 3 is an example of the
corrected signals depicted in Fig. 1 to 4. A.U., arbitrary units.
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occurs by a different mechanism in the small and large mole-
cules. In the latter, partial leakage is probably a mere conse-
quence of the lipid rearrangements secondary to protein inser-
tion, as occurs with magainins (23) or with E. coli �-hemolysin
(37). In SUV, however, because of their lateral tension, protein
insertion probably leads to opening up of the vesicle, which
behaves like a punctured balloon, so that vesicular contents are
rapidly released. The remnants of the bilayer then reassemble
into a new vesicle. This mechanism of lysis and reassembly has
been shown to operate for surfactants acting on SUV (1, 14),
and it may work as well for amphiphilic protein domains.

A third effect of TrwD on liposomes is to induce interve-
sicular lipid mixing. This phenomenon requires an intimate
degree of contact between vesicles, beyond the mere aggrega-
tion, that excludes water molecules from the vesicle contact
area (6). In our case, the data from SUV and LUV concur in
presenting a phenomenon of lipid mixing that never goes be-
yond 50% of the total lipid. In addition, it is limited to the
outer monolayer (Fig. 4C) and is not accompanied by mixing of
aqueous contents (Fig. 3 and 4B). Hence, TrwD appears to
induce a phenomenon that has been called hemifusion (10) or
close apposition (41) of vesicles, i.e., mixing of outer lipid
monolayers but not the inner compartments.

The nature of TrwD-bilayer interaction. Although the re-
quired presence of a negatively charged lipid may speak in
favor of electrostatic binding of TrwD to the membrane, the
concomitant demand of Ca2� at millimolar concentrations
(i.e., 1 order of magnitude above the lipid concentration) sug-
gests, instead, that the lipid is electrically neutralized by Ca2�

so that the relative weight of any electrostatic component in
protein binding must be small. Rather, a combination of diva-
lent cation and negative divalent CL suggests the lateral sep-
aration of CL-Ca2� complexes into separate domains in the
plane of the membrane. CL has been shown to increase the
ATPase activity in TrwD (35) and induce conformational
changes (detected through changes in intrinsic fluorescence) in
closely related members of the TrwD family (22).

In-plane formation of lipid domains is expected for the CL-
Ca2� system (27) but not for bilayers based on PG, which was
less active than CL in supporting TrwD-induced vesicle aggre-
gation. Interdomain interfaces are known to facilitate insertion
into membranes, as shown for gramicidin A (13), E. coli �-he-
molysin (3), or protein kinase C (17). Thus, formation of sep-
arate domains can also favor the interaction of TrwD with the
lipid bilayer.

Yeo et al. (44) have elucidated the crystal structure of hex-
americ HP0525 from Helicobacter pylori, which is another
member of the VirB11 family and is related to TrwD. The
predicted secondary structure of TrwD for the N-terminal do-
main (Fig. 7) is the same as the calculated structure for
HP0525 (44). It is thus reasonable to assume that the two
proteins have the same overall folding pattern in this region,
including membrane binding through the N-terminal domain.
Electron microscopic studies reveal that they both display the
same low-resolution quaternary structure (22). The molecular
surface of HP0525 exhibits few hydrophobic regions, which are
concentrated at the bottom of the hexamer, corresponding to
�-helices A and B and to the loops connecting the latter with
�-strands 3 and 4. Helices A and B are conserved in TrwD
(Fig. 7). Helix A is amphipathic in both proteins. Helix B,
however, is almost fully hydrophobic in TrwD while it is am-
phipathic in HP0525. These data and predictions lead us to
postulate that TrwD interacts with the membrane bilayer,
through the stretches designated helices A and B in Fig. 7, at
the N-terminal domain of the protein.

Yeo et al. (44) have suggested that hexameric HP0525 spans
the membrane and forms an ATP-dependent pore. In their
view, the small hole formed by the pore in its closed form
would be about 10 Å in diameter. However, a pore of this size
would permit complete release of the vesicular aqueous con-
tents in milliseconds (29). This is in contrast with the rather
slow rates of leakage, compared to the rates of protein-induced
vesicle aggregation, seen in Fig. 4. The fact that TrwD-induced
leakage is ATP independent also speaks against the notion that
the mechanism proposed by Yeo et al. (44) is applicable to
TrwD. Moreover, a transmembrane protein pore, as proposed
by those authors, would hardly be compatible with a lack of
mixing of vesicle inner monolayers (Fig. 4C). In general, our
data point more toward a kind of TrwD organization in the
membrane that affects primarily the outer lipid monolayer in
the vesicles.

Other water-soluble proteins are known that induce pro-
found modifications in membrane lipid organization without

FIG. 6. Ultracentrifugation experiment to demonstrate protein in-
corporation into liposomes. TrwD at 0.7 �M was incubated with 0.5
mM LUV composed of PC-CL at a 1:1 ratio in D2O-buffer for 15 min.
The sample was ultracentrifuged at 513,000 � g, and 200-�l fractions
were collected (1 [top] to 5 [bottom]). A 200-�l volume of extra buffer
was added to the tube to resuspend any remaining protein and lipid
(fraction 6). TrwD concentration was determined after sodium dodecyl
sulfate-polyacrylamide gel electrophoresis by comparison with known
standards, as shown at the top. The lipid concentration was determined
by measuring the fluorescence signal of rhodamine-PE. The graph at
the bottom shows the results (average � the standard error of the
mean) of eight experiments with total TrwD concentrations in the 0.1-
to 1.0-�M range.
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becoming strongly bound to the bilayer. Glyceraldehyde-3-
phosphate dehydrogenase, a soluble protein containing hydro-
phobic patches on the molecular surface, has been reported to
destabilize and fuse SUV under certain conditions (26). A
variety of amphipathic peptides act in a similar way (5, 9, 23,
30). The ability of TrwD to interact with lipid bilayers in the
presence of millimolar concentrations of calcium ions resem-

bles the properties of annexins (7, 11), although there is no
similarity in the conserved residues of the two protein families
(our unpublished observations).

The above-described experiments with model membranes
do not actually demonstrate that TrwD causes membrane ag-
gregation and/or fusion as part of its normal function but
rather point to its general capacity to bind and perturb cell
membranes under a variety of conditions. TrwD is the first
known protein that is essential for conjugation and perturbs
the membrane structure. In the light of the above results, we
propose that TrwD interacts with the membranous systems to
build up the transport assemblage that facilitates DNA trans-
fer. Namely, the hollow interior of the hexamer might be the
receptacle for a chaperone-like activity related to the folding,
or membrane delivery, of one or more of the components that
form the DNA transport conduit. The other properties of
TrwD, i.e., ATPase activity, possible interaction with other
macromolecules, and membership in a large protein family,
also locate this protein at a pivotal position in the bacterial
conjugation and macromolecular transfer phenomena.
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