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DNA pumps play important roles in bacteria during cell division and during the transfer of
genetic material by conjugation and transformation. The FtsK/SpolllE proteins carry out
the translocation of double-stranded DNA to ensure complete chromosome segregation
during cell division. In contrast, the complex molecular machines that mediate conjugation
and genetic transformation drive the transport of single stranded DNA. The transformation
machine also processes this internalized DNA and mediates its recombination with the res-
ident chromosome during and after uptake, whereas the conjugation apparatus processes
DNA before transfer. This article reviews these three types of DNA pumps, with attention
to what is understood of their molecular mechanisms, their energetics and their cellular

localizations.

he transport of DNA across membranes by

bacteria occurs during sporulation, during
cytokinesis, directly from other cells and from
the environment. This review addresses the
question “how is the DNA polyanion transfer-
red processively across the hydrophobic mem-
brane barrier”?

DNA transport must occur through water-
filled channels, at least conceptually address-
ing the problem posed by the hydrophobic
membrane. DNA transporters presumably use
metabolic energy directly or a coupled-flow
(symporter or antiporter) mechanism to drive
DNA processively through the channel. It is
possible that a Brownian ratchet mechanism,
in which directionality is imposed on a diffusive
process, also contributes to transport.

In this article, we will consider several DNA
transport systems. We will begin with the sim-
plest one, namely the FtsK/SpolllE system
that is involved in cell division and sporulation.
We will then turn to the more complex, multi-
protein DNA uptake systems that accomplish
genetic transformation (the uptake of environ-
mental DNA from the environment) and the
conjugation systems of Gram-negative bacte-
ria that mediate the unidirectional transfer of
DNA between cells. In each case we will discuss
the proteins involved, their actions and the
sources of energy that drive transport. Space
limitations prevent discussion of other relevant
topics, such as DNA transport during bacterio-
phage infection and more than a brief reference
to conjugation in Gram-positive bacteria.
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CELL DIVISION AND SPORULATION

General Features of DNA Transport in
Cell Division

Proper chromosome segregation is essential for
successful cell division, and yet under rapid
growth conditions bacterial cells can form a
division septum before completion of DNA seg-
regation. To accomplish this, the cells have dedi-
cated proteins of the FtsK/SpollIIE family that
move the remainder of the chromosome into
the appropriate daughter-cell compartment.
Given that a single gene product codes for all
the transport functionality, this is the simplest
DNA transport system discussed here.

The simplicity of the single polypeptide
chain belies the fact that these transporters
function in the division septum, one of the
most topologically challenging environments
of the bacterial cell. When chromosomes have
not fully segregated into daughter compart-
ments, the constricting septal membranes con-
stitute an obstacle for the final resolution of the
cellular genetic material. In many of the bacteria
that contain FtsK/SpollIE proteins, the chro-
mosomes are circular molecules. This means
that any portion of the chromosome that is on
the wrong side of the division plane will have
a loop of dsDNA that must first be resolved
properly from its sister chromosome, and sec-
ond be moved in the correct direction across
the division plane.

Information about the FtsK/SpollIIE fam-
ily of transporters is derived largely from the
work on two founding members of the protein
family. FtsK from Escherichia coli has yielded
much functional information about the role
of these proteins in terminus resolution dur-
ing chromosome segregation (a more detailed
account of its recombination function may be
found in Thanbichler 2009). SpollIE, which
has a specialized function during the asym-
metric division of sporulating Bacillus subtilis
cells, has produced complementary informa-
tion about these transporters. The focus of
this section is on how the ATPases of the
FtsK/SpollIE protein family transport chro-
mosomal DNA in the context of cellular divi-
sion membranes.

The FtsK/SpollIE Proteins

The FtsK/SpollIE family of DNA transporters
is conserved among the bacteria (Iyer et al.
2004). Proteins of the FtsK/SpolllE family
have diverse functions including the export of
virulence factors, conjugative transfer of plas-
mid DNA and chromosome partitioning. Those
members involved in chromosome partitioning
share a functional domain called y (discussed
later) (Wang et al. 2006; Ausmees et al. 2007;
Le Bourgeois et al. 2007; Wang et al. 2007; Val
et al. 2008; Dedrick et al. 2009) and have the
distinction of functioning at a unique interface
within cells—the constricting division plane.
Until recently, it was thought that all chro-
mosomal transporters in this family harbor
amino-terminal transmembrane domains.
New studies on a SpollIE paralog in B. subtilis
have prompted a revision of the group to
include soluble FtsK proteins. Interestingly, all
of these FtsK/SpollIE proteins localize to cell
division membranes, and they do so only at
the time of division (Wu and Errington 1997;
Biller and Burkholder 2009; Kaimer et al.
2009). The newly characterized soluble protein,
SftA, localizes to predivisional sites, presumably
through direct protein—protein interactions
with FtsZ, rather than through membrane teth-
ering (Biller and Burkholder 2009). FtsK local-
izes to vegetative cell division septa, as does
SpollIE, although the latter does so rarely (Wu
and Errington 1997; Wang and Lutkenhaus
1998; Yu et al. 1998). In the case of sporulation,
SpolIlE localization requires the presence of
DNA in the septal plane (Ben-Yehuda et al.
2003). The presence of FtsK at division planes
is enhanced under conditions that produce an
increased number of bisected nucleoids (Yu
et al. 1998). The amino-terminal transmem-
brane segments of both proteins are required
for proper septal localization (Begg et al. 1995;
Draper et al. 1998; Yu et al. 1998; Sharp and
Pogliano 1999) and although there is little
sequence conservation in this region, the trans-
membrane segments appear to mediate inter-
action with and recruitment of other division
machinery proteins (Di Lallo et al. 2003). Fur-
thermore, the transmembrane domains are
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required for proper function of SpolIIE (Sharp
and Pogliano 2003), although the precise role of
the FtsK transmembrane domains for DNA
transport activity is still unknown.

Little is understood about the precise role of
the variable length linker domain that follows
the transmembrane segments. However studies
in E. coli using domain deletions and chimeras
with the Haemophilus influenzae FtsK show
that the linker portion of the protein does play
a role in proper cell division (Bigot et al.
2004). The absence of the linker domain corre-
lates with increased filamentation in these
strains, and this phenotype could be function-
ally separated from a previously characterized
role for the linker in chromosome dimer resolu-
tion (Aussel et al. 2002).

The carboxy-terminal regions of these pro-
teins contain the conserved portions of the
proteins including the ATPase motifs and the
directionality determining gamma domain.
TrwB, a conjugation protein from the plasmid
R388, provided the first structural insights
into the ATPase domain of this protein family
(Gomis-Ruth et al. 2001). The structure of the
soluble domain of TrwB (lacking the amino-
terminal transmembrane region) revealed two
domains. First, an NBD similar to RecA and
ring helicases, and second a domain entirely
composed of a-helices. A solution structure of
the soluble ATPase domain of FtsK confirmed
the presence of a RecA-like fold, but also re-
vealed a unique jawlike domain connected to
the RecA fold (Massey et al. 2006). Comparison
of two crystal forms suggests a hinge-like move-
ment between the two domains that could lead
toarotary-inchworm translocation mechanism.
The structural studies also showed that FtsK has
a large central pore, about 25 A in diameter that
could accommodate a dsDNA molecule (Massey
etal. 2006). In contrast, TrwB which may trans-
port ssDNA (see later), has a smaller, 8 A diam-
eter, central pore (Gomis-Ruth et al. 2001).

The soluble ATPase domains of both
SpollIE and FtsK have been shown to translo-
cate along double stranded DNA in an ATP
dependent manner (Bath et al. 2000). In fact,
in both cases, the ATPase activity is dependent
on the presence of double stranded DNA. In
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single-molecule experiments, FtsK produced
an average translocation rate of ~5 Kb/s (Saleh
et al. 2004; Pease et al. 2005). EM of the FtsK
motor domain in the presence of double-
stranded DNA suggest that a hexamer of the pro-
tein forms rings around the DNA (Aussel et al.
2002; Massey et al. 2006). Further evidence that
these rings are hexamers comes from size exclu-
sion chromatography where the soluble domain
of FtsK migrates asahexamer(Aussel etal. 2002).

Recent studies have focused on SftA, the
soluble FtsK/SpolllE-like DNA translocase
from B. subtilis mentioned earlier (Biller and
Burkholder 2009; Kaimer et al. 2009). In con-
trast to SpollIE, which assembles at late stages
of cell division, SftA assembles at nascent divi-
sion septa with FtsZ and before membrane
scission (Biller and Burkholder 2009) (Fig. 1a).
SftA is required for chromosome partitioning
early in cell division, in part through increased
chromosome dimer resolution, thus making it
more similar to FtsK in terms of its role in chro-
mosome segregation. SpolllE, on the other
hand, serves as a back-up mechanism for com-
pleting chromosome segregation postseptation-
ally (Biller and Burkholder 2009; Kaimer et al.
2009). Interestingly, some bacterial species
such as clostridia carry only a single y domain-
containing paralog. Those with two FtsK/
SpollIE ATPases containing vy domains, clus-
ter in the low GC-Gram-positive bacteria, a-
proteobacteria, and 3-proteobacteria (Billerand
Burkholder 2009). Many of these organisms are
naturally closely linked to soil and plants but are
not endospore formers, suggesting that the
presence of the SpollIE-like back-up protein is
not tightly correlated with spore formation.

A remarkable feature of these chromosome
transporters is their ability to move the DNA
in the appropriate direction with astounding
accuracy. This ability depends on sequence
motifs in the chromosomal DNA (Bigot et al.
2005; Levy et al. 2005; Pease et al. 2005; Ptacin
et al. 2008; Biller and Burkholder 2009). Short
eight-nucleotide sequences, known as KOPS
and SRS sequences for FtsK- and SpolllE-
recognition respectively, are overrepresented
on the plus strand of the chromosome and
are recognized by the y domain on the very
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Figure 1. Localization of chromosome segregation proteins, SftA and SpolllE, in Bacillus subtilis. (A) SftA
localizes to early division septa in B. subtilis, whereas SpolllE localizes late in division and largely
sporulation septa. This image shows fluorescence overlayed from FM4-64 membrane-staining (red), a SftA-
YFP fusion (green) and a SpolIIE-CFP fusion (blue), of cells from a sporulating culture. SftA fluorescence is
apparent at predivisional and vegetative divsion sites, whereas SpollIE fluorescence colocalizes with fully
formed sporulation division membranes. (Images courtesy of J. Liu.) (B) Schematic of the chromosome
crossing the division septum through two independent DNA-conducting channels formed by SpollIE in a
sporulating B. subtilis cell. At the end of the transport process, the final loop of DNA in the large
compartment must be resolved across the division plane, by an as yet undetermined mechanism.

carboxyl terminus of the FtsK/SpollIE pro-
teins. This domain recognizes these sequences
and uses them as a guide to accurately move
the chromosome into the appropriate daughter
cell (Ptacin et al. 2006; Sivanathan et al. 2006).
The co-crystal structure of three y domains
bound to KOPS sequence DNA provides struc-
tural support for biochemical experiments, sug-
gesting that KOPS DNA establishes directional
DNA translocation through oriented protein
loading (Bigot et al. 2006; Lowe et al. 2008).
Further cytological and functional evidence
suggests that SpollIE follows this same oriented
loading paradigm (Sharp and Pogliano 2002a;
Sharp and Pogliano 2002b; Becker and Pogliano
2007; Ptacin et al. 2008).

Although these insights have helped to
answer the major conundrum in the field
regarding how the FtsK/SpollIE proteins faith-
fully segregate chromosomal material into the
correct daughter cell, a lingering question
remains: How do the proteins resolve loops of
DNA at the division plane? In bacteria with
circular chromosomes, it is predicted based on
the pore size of the ATPase domain, that each
independent hexameric transporter will en-
compass one double stranded “arm” of the
chromosome (Fig. 1B). For the proteins that
act predivisionally, such as SftA and presumably

FtsK, the scenario is relatively simple to imag-
ine. A small loop of DNA remains on the
“wrong” side of the division plane, and when
the transporters reach the loop, they might dis-
engage the DNA. This release would allow the
loop of DNA to move into the appropriate
daughter cell through simple Brownian motion
facilitated by the act of chromosome organiza-
tion and compaction on the daughter cell side.
In contrast, the resolution of aloop in a postsep-
tational system, such as that of SpolIlE, must
involve one of two possible mechanisms (Becker
and Pogliano 2007; Burton et al. 2007). One
possibility is that the chromosomal DNA is lin-
earized and rejoined after transport. Another is
that a rearrangement of the proteins to form a
single, larger channel could allow the loop to
move across the septum uncleaved. Lateral
opening of the channels could be driven by
the mechanical force that the loop of DNA
exerts on the two hexameric complexes. This
sort of mechanism is appealing because it
would allow for resolution of any DNA loop
caught in the septal space, not just the last
loop near the chromosome terminus. Further
studies on the link between directional trans-
port and the ultimate resolution of local DNA
structures at the division plane will be needed
to address this issue.
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B. subtilis Sporulation as Model System

B. subtilis SpolllE, is required for active transport
of chromosomal DNA during B. subtilis sporu-
lation (Wu and Errington 1998). During sporu-
lation, B. subtilis cells divide asymmetrically,
creating a larger mother cell and a smaller fore-
spore. Two-thirds of the chromosome destined
for the spore compartment remains on the
mother cell side of the newly formed septum, and
must be actively transported into the spore (Wu
and Errington 1998). Cells lacking SpolllE are
unable to move the chromosome into the spore
compartment, and are therefore completely defe-
ctive for sporulation (Wu and Errington 1994).
Similarly cells specifically defective for SpollIE
ATPase activity are unable to complete the sporu-
lation program (Sharp and Pogliano 2002b).
SpollIE is expressed in vegetative cells and is
distributed uniformly throughout the mem-
brane (Foulger and Errington 1989). During
sporulation, SpolllE protein levels do not
change. However, at the onset of sporulation,
SpollIE moves to the septum, localizing to the
midpoint of the converging lipid bilayers (Wu
and Errington 1997). The generation of this
SpollIE focus requires the presence of DNA in
the septal annulus (Ben-Yehuda et al. 2003). The
SpollIE focus remains at the septum until the
entire chromosome has moved into the forespore
(Sharp and Pogliano 2003). Interestingly, SpolIIE
has been implicated in a second function during
sporulation, apparently unrelated to chromo-
some transport. After transport is complete,
the protein relocalizes to the pole of the sporu-
lating cell, where it plays an additional role in
fusing the membranes of the mother cell engulf-
ing the prespore (Sharp and Pogliano 1999).
What about the proteins that normally dec-
orate a chromosome? Fluorescence microscopy
experiments provided evidence that not only are
the FtsK/SpollIE proteins efficient movers of
DNA, they also have the ability to remove virtu-
ally every protein roadblock in their way, leaving
the transported DNA to enter the daughter cell
naked (Marquis et al. 2008). The case of sporu-
lation, where over three megabases of DNA are
transported to the daughter cell, highlights
this best as transcription factors, chromosome
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compaction proteins, and other site-specifically
bound proteins, are all removed during DNA
transport (Marquis et al. 2008). How exactly
these translocases accomplish such a daunting
task remains to be determined.

Protein—Protein Interactions

The most striking feature of the FtsK/SpollIE
proteins is that despite their complex functions,
the actual DNA transport activity is seemingly
accomplished entirely by these proteins.
Whereas the next nucleic acids transporter sys-
tems to be discussed, competence and transfor-
mation, are composed of numerous gene
products, FtsK and SpollIE appear to function
entirely on their own. Nevertheless, it remains
to be seen whether there are still other accessory
proteins to be discovered that play a role in the
DNA transport activity, or whether these pro-
teins really function as lone powerhouses for
their chromosome transport function.

CONJUGATION

General Features of Gram-Negative
Conjugation Systems

Conjugation refers to the transfer of DNA from
one cell to another, by a process requiring cell -
cell contact. As with transformation, the trans-
ferred molecule is ssDNA. Conjugation and
Type 4 protein secretion are mediated by similar
complex machines, which in at least some cases
mediate the transfer of both DNA and protein
substrates. Conjugation involves the participa-
tion of pilins, but these are different from the
Type 4 pilins needed for transformation. Our
discussion will emphasize the Agrobacterium
tumefaciens system that transfers DNA into
plant cells and the E. coli R388 plasmid conjuga-
tion system. For more detailed descriptions of
conjugation, the reader is referred to recent
reviews (Chen et al. 2005; Christie et al. 2005;
Chandran et al. 2009).

The Conjugation Proteins

The core proteins required for DNA transfer
during conjugation are usually divided for

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a000406 5


http://cshperspectives.cshlp.org/

g’gﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

Downloaded from http://cshperspectives.cshlp.org/ on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

B. Burton and D. Dubnau

convenience into two groups; the DNA process-
ing and transfer (DTR) and the mating pair for-
mation (MPF) proteins. DTR proteins process
the DNA to be transferred and resemble the pro-
teins needed for rolling circle replication by bac-
teriophage ®X174 and by certain plasmids. It
has been proposed that the MPF proteins are
needed to form a pilus that connects the donor
and recipient cells, retracting to bring the cell
surfaces into more intimate contact (Panicker
and Minkley 1985). Recent evidence suggests
that at least in the case of the F-pilus, single
stranded DNA may travel through the pilus,
into the recipient cell (Babic et al. 2008; Shu
etal. 2008). However, the role of pili in conjuga-
tion is not clear and some Type 4 secretion sys-
tems appear to lack them. MPF proteins are also
needed to form structures that traverse the inner
membrane, the periplasm and the outer mem-
brane, forming a channel for the passage of
DNA. In the conjugation systems, a Type 4
coupling (T4C) protein mediates interaction
between ssDNA produced by the DTR proteins
and the MPF apparatus.

DTR and Coupling Proteins

Among the R388 DTR proteins are the relaxase/
helicase TrwC, the host IHF protein and TrwA,
which also functions as a transcriptional re-
pressor of the dtr genes. These proteins form
the relaxosome, which binds to the oriT region
of the super-coiled plasmid DNA (Christie
1997; Gomis-Ruth and Coll 2006). TrwC nicks
one strand and covalently attaches by its cata-
lytic tyrosine residue to the 5’ end of the strand
destined for transfer. The helicase activity of
TrwC then unwinds the DNA and DNA poly-
merase III replaces the transferred strand by
rolling circle replication. The IHF and TrwA
components of the relaxosome probably play
architectural roles, shaping the DNA into a con-
formation that favors TrwC binding and activ-
ity. The covalently attached TrwC then acts as
a “pilot protein” accompanying the T-DNA-
protein complex into the recipient cell.
Although recognition by the DNA transfer
machinery requires motifs present on the relax-
ase, rather than a specific DNA sequence, this

is not a mere protein secretion system, with
DNA coming along for the ride. The length of
the transferred strand demands that active
DNA transport must take place. The Type 4 cou-
pling (T4CP) protein (TrwB from R388 and
VirD4 from A. tumefaciens) assembles into a
hexamer and has an amino-terminal mem-
brane-embedded domain on each protomer, as
well as a large cytosolic moiety. The structure of
this moiety has been solved and consists of two
domains, a nucleotide-binding domain distal
to the membrane surface and a membrane-
proximal a-helical domain (Gomis-Ruth et al.
2001). Running through the cytosolic moiety
is a central channel that is ~20 A wide in
TrwB but decreases to ~8 A at the cytosolic
extremity. It is not known if this channel contin-
ues through the membrane domain and accom-
modates the ssDNA during transfer, because the
structure was derived from a truncated deriva-
tive lacking the membrane-embedded moiety.
The narrow entrance at the cytoplasmic end
may carry out a gating function as transfer is ini-
tiated. Aside from its suggestive structure and
cellular location, several other attributes sup-
port the role of TrwB as a DNA pump. For
instance, TrwB is a DNA-dependent ATPase,
and shows conformational changes in the sur-
face residues of the central channel depending
on its ATP-binding state (Tato et al. 2005). In
addition, the closest structural analog to TrwB
is stated to be FtsK, although the latter protein
has awider central channel, presumably to allow
the passage of dsDNA. It is worth noting that
members of the HerA/FtsK/SpollIE protein
family are also required for conjugation in
Gram-positive bacteria (Iyer et al. 2004; Berk-
man et al. 2010) The nucleotide-binding
domain of TrwB also resembles that of the
ring helicases, which are known to use the
energy of ATP hydrolysis to translocate along
DNA (Gomis-Ruth et al. 2001).

MPF Proteins

The MPF proteins are numerous, 11 in the case
of A. tumefaciens where they are best character-
ized (Christie et al. 2005; Fronzes et al. 2009a).
In addition to the proteins that assemble
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the pilus (VirB2 and VirB5) additional pro-
teins (VirB4, VirB6, VirB7, VirB8, VirB9, and
VirB10) assemble across the bacterial envelope.
Biochemical investigation established that VirB8,
VirB10, and the NTPase VirB4, are anchored in
the inner membrane, VirB9 is located in either
the periplasm or in association with the outer
membrane, and VirB7 is probably associated
with the outer membrane. These proteins pre-
sumably establish a channel extending from
the T4CP protein (VirD4) to the exterior sur-
face. The VirB11 ATPase is recruited to the inner
face of the inner membrane where it is needed
for the assembly of the secretion channel. This
proposed role for VirB11, in mediating assem-
bly of a trans-envelope structure perhaps con-
taining a pilus subunit, is analogous to that
proposed for the secretion ATPases of the T4
pilus-related systems (see later), and in fact
VirB11 has been classified as a secretion (or traf-
fic) ATPase. In addition to VirD4 and VirBI11,
VirB4 is also an ATPase and together these three
proteins, which contact one another, presum-
ably power the assembly of the conjugation
nano-machine as well as secretion of DNA.

The role of the pilin proteins is unclear. A
filamentous structure composed of pilin sub-
units, perhaps a mini- or pseudopilus, may be
an obligatory part of the conjugation ma-
chinery, even providing a channel for DNA
transport. Another possibility is that pilin sub-
units may assemble with MPF proteins to form
a transport structure whereas pili per se may be
an alternative structure, requiring the MPF pro-
teins for its formation.

Recently, two major advances have contrib-
uted to an enhanced understanding of these
complex systems. The first is the so-called trans-
fer DNA immunoprecipitation (TrIP) assay.
This technique, based on cross-linking of DNA
to proteins using immunoprecipitation and
PCR, has identified proteins that are proximal
to the DNA during transport (Cascales and
Christie 2004). This has established a provi-
sional transport pathway and has suggested the
identity of channel subunits. As expected,
VirD4 is the first protein contacted by the
DNA following interaction with the relaxosome.
Next the DNA contacts the VirB11 ATPase and
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this interaction depends on the presence of
other core components, but not on the Walker A
and B residues of VirB11. Why VirB11 interacts
with DNA is unknown, but it may have a direct
role during transport, aside from its morphoge-
neticrolein building the core. In two subsequent
steps, close contacts are established between
the DNA and VirB6 and VirB8, located in the
inner membrane, and then with the outer mem-
brane/periplasmic VirB2 pilin and with VirB9.
These valuable findings constrain model build-
ing, based on the second major advance, the
acquisition of high-resolution structural data.
Although several individual component
structures had been solved (Yeo et al. 2000;
Yeo et al. 2003; Terradot et al. 2005; Bayliss
et al. 2007), a big step forward derives from
the 15-A-resolution cryoelectron microscopy
structure of a complex between the VirB7-
VirB9-VirB10 orthologs from the plasmid
pK101 (TraN, TraO, and TraF respectively)
(Fronzes et al. 2009b). This 1.05 MDa “core
complex” is composed of 14 copies of each pro-
tein, forming a double-walled two-chambered
channel, proposed to span both membranes.
The inner and outer chambers contain a chan-
nel that extends 105 1&, sufficient to bridge the
two membranes. The channel is open on the
cytoplasmic side and constricted near the other
end. The outer surface of the structure is com-
posed mostly of TraF/VirB10, whereas TraN/
VirB7 and TraO/VirB9 form the inner wall of
the channel. It is suggested that the orthologs
of the VirB4 and VirB11 ATPases may regulate
the opening at the distal end, communicating
across the inner membrane and periplasm by
some unknown mechanism, permitting passage
of the DNA. This beautiful structure provides
no explicit role for these ATPases, the T4C pro-
tein, or for the orthologs of VirB2, VirB6, and
VirB8. Presumably one or more of these pro-
teins decorates the outside of the structure,
interacts with it within the membrane or may
even be located in one of the large chambers.
More recently, the remarkable crystal struc-
ture of a 0.6 MDa fragment of this core struc-
ture, derived from chymotrypsin treatment, has
been reported (Chandran et al. 2009). This
structure corresponds to the outer chamber
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of the cryo-EM structure. Unexpectedly, the
VirB10 protein, which crosses the inner mem-
brane, also comprises the outer membrane
channel. It may thus represent the first bacterial
protein that traverses both membranes. Figure 2
shows the crystal structure of the outer mem-
brane complex superimposed on the cryo-EM
structure. Detailed comparison of the two
structures reveals suggestive differences, which
may reflect conformational changes underlying
DNA transport (Chandran et al. 2009). It has
been suggested that the large chambers may be
sites of assembly of the MPF proteins not repre-
sented in the core structure, and that these may
form the actual channel for substrate transport
(Chandran et al. 2009; Christie 2009). Naturally
many questions remain concerning the detailed
mechanisms of secretion and the energetics of
the process. One wonders if the showed require-
ment for the VirB2 pilin for transport hints at a
dynamic role for a pilus, or for a pseudopilus,
analogous to that proposed below for the com-
petence pseudopilus? The mechanism by which
the DNA is transported into the recipient cell
is also obscure, although a role for a pilus has

Figure 2. Proposed structure of the core complex for
T4S system (pKM101)-mediated conjugation. The
cryo-EM structure (yellow) is superimposed on the
crystal structure of the outer-membrane complex.
The location of lipid associated with TraN/VirB7
is shown with black dots. The arrows illustrate
proposed conformational changes (Chandran et al.
2009). OM and IM indicate outer and inner
membrane, respectively. (Adapted, with permission,
from Chandran et al. 2009 [© Nature Publishing
Group].)

been suggested (Backert et al. 2008). Although
these and other major questions are unresolved,
the VirB7-9-10 structure represents a break-
through that should lead to rapid advances in
understanding.

TRANSFORMATION

General Features of Bacterial Transformation

Transformation refers to the transport of envi-
ronmental DNA to the cytosolic compartment,
where it can meet several fates. If the incoming
DNA is complementary to the resident chro-
mosome, it can recombine. If it contains the
information needed for independent replica-
tion, it can do so as a plasmid or a bacterio-
phage. As with conjugation, the transported
DNA is single-stranded. The nontransforming
strand is degraded, most likely by a mechanism
that is closely connected to transport across the
cell membrane (Mejean and Claverys 1993).

These shared features reflect the existence
of a common set of transformation proteins
(Dubnau 1999). Gram-positive and Gram-
negative bacteria share the core proteins, except
that the latter group has additional components
enabling DNA to cross the outer membrane.
Among these conserved transformation pro-
teins are those that are needed for Type 4
pili (T4P) and Type 2 secretion (T2S). Helico-
bacter pylori is unusual because it uses a
conjugation-like system for DNA transport,
rather than the usual shared transformation
proteins (Hofreuter et al. 2000).

In most bacteria, complex signal transduc-
tion pathways regulate the proteins that mediate
DNA uptake (Macfadyen 2000; Hamoen et al.
2003; Claverys et al. 2006; Leisner et al. 2008).
Cells that synthesize these transformation pro-
teins are referred to as “competent.” Although
the core transformation proteins are mostly
conserved, the regulatory mechanisms are not.
This is a common theme; nature often uses a
common set of tools, but uses species-specific
instructions for their use. We will not further
describe the regulation of competence gene
expression. This article reflects the bias of the
authors by emphasizing the B. subtilis system,
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although information from other bacteria will
be included when needed. The B. subtilis no-
menclature for proteins and genes will be used
throughout. Several reviews are available that
emphasize transformation in other bacteria
or that offer more detail (Berge et al. 2002;
Friedrich et al. 2002; Hamilton and Dillard
2006; Claverys et al. 2009).

The Fate of Transforming DNA

It is useful to follow a DNA molecule from its
existence in solution outside the cell, until it
becomes integrated in the resident genome of
the transformant (reviewed in Berge et al.
2002; Chen and Dubnau 2004; Chen et al.
2005). Double stranded DNA (dsDNA) first
binds to the B. subtilis cell surface without
sequence specificity and is then fragmented by
the action of a membrane-localized nuclease
(NucA) that presumably acts at the points of
attachment (Provvedi et al. 2001). After binding
and fragmentation, one strand is degraded,
releasing phosphorylated products into the
medium and the transforming strand is con-
verted into a form that is no longer accessible
to added DNAse. DNAse resistance is taken as
an indication of transport across the cell mem-
brane. Indeed no difference in the kinetics of
appearance of transformants, DNAase resis-
tance and degradation products has been de-
tected. In S. pneumoniae, the transforming
strand is taken up with 3’ to 5’ polarity and
the nontransforming strand is degraded with
5’ to 3’ polarity, consistent with close coordina-
tion of the degradation and uptake steps
(Méjean and Claverys 1988; Mejean and Clav-
erys 1993). (For a possible difference in B. sub-
tilis, see Vagner et al. 1990.) 3’ ssDNA termini
initiate recombination in all systems and in
the case of transformation, the uptake mecha-
nism itself generates this required substrate.
Internalized ssDNA thus interacts with the res-
ident chromosome and RecA-mediated recom-
bination results in formation of a heteroduplex
in which one strand is from the donor and the
other from the recipient chromosome. This
heteroduplex molecule is at first stabilized
by non-covalent bonds, after which ligation

Membrane-associated DNA Transport Machines

occurs. The heteroduplex is resolved by replica-
tion and in S. pneumoniae by mismatch repair
as well (Claverys and Lacks 1986; Majewski
and Cohan 1998).

In Gram-negative bacteria, e.g., H. influen-
zae and Neisseria gonorrhoeae, dsSDNA presum-
ably passes across the outer membrane through
ring-shaped assemblies of proteins known as
secretins (Tomb et al. 1991; Collins et al. 2004).
It has been reported that the secretin complex
of N. gonorrhoeae contains the initial binding
site for DNA during transformation (Assalkhou
et al. 2007). On entry to the periplasm, DNA is
thought to become resistant to exogenously
added DNAse. Transport into the cytosol is
more difficult to detect in Gram-negative bac-
teria and “uptake” is (operationally) defined
differently than in the Gram-positives. In Hae-
mophilus and Neisseria, specific sequences are
required for efficient transformation (Danner
et al. 1980; Elkins et al. 1991), but the receptor
for this sequence is unknown. More typically,
DNA uptake shows no discernible sequence
specificity.

Single molecule experiments (Maier et al.
2004) have shown that DNA uptake in B. subtilis
is processive, with no detectable pausing at a
temporal resolution down to 1 s. Uptake was
observed to occur at a rate of about 80 bp/s.
(A similar rate of (~90 bp/s) has been esti-
mated for S. pneumococus (Mejean and Claverys
1993)). Uptake remained processive and its
velocity was invariant against large external
forces, up to ~40 pN. These measurements
establish both the DNA transformation motor
and the FtsK/SpolIIE motors as uniquely pow-
erful. They also set the parameters that must be
explained by any proposed mechanism.

The Transformation Proteins

In B. subtilis and S. pneumoniae, several cyto-
solic proteins under competence-specific con-
trol are required for optimal transformation;
RecA, SsbB (YwpH), DprA (Smf) and YjbF
(CoiA) (reviewed in Claverys et al. 2009).
RecA is required for integration of transforming
DNA and in its absence, little or no transfor-
mation for chromosomal markers is detected,
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although transformation by plasmid DNA pro-
ceeds normally. When the competence-specific
ssDNA binding proteins SsbB or DprA are ab-
sent, incoming DNA is degraded (Berge et al.
2003). DprA appears to play a role in loading
RecA onto ssDNA to form RecA filaments, pre-
paratory to recombination (Mortier-Barriere
et al. 2007). The molecular role of YjbF is ob-
scure. Inactivation of any one of these cytosolic
proteins decreases transformation, but does not
prevent the uptake of transforming DNA, meas-
ured by the DNAse resistance of radiolabeled
DNA. Nevertheless, it is possible that they do
play a role in transport, perhaps by binding to
incoming ssDNA, thereby preventing back-
ward slippage. Consequently, their absence
may affect the rate or processivity of uptake.
Two membrane proteins are needed for the
appearance of DNAse resistant radiolabeled
DNA but are not required for binding of DNA
to the cell. One of these, ComEC, is a large poly-
topic transmembrane protein, which is likely to
form at least part of the pore for DNA uptake
(Draskovic and Dubnau 2005). In B. subtilis,
inactivation of comEC prevents not only uptake
of DNA, but also the degradation of the non-
transforming strand. In contrast, degradation
proceeds normally in the equivalent S. prneumo-
niae mutant (Berge et al. 2002). In S. prneumo-
niae, a membrane endonuclease (EndA) has
been shown to be required for nontransforming
strand degradation (Lacks et al. 1974). The endA
gene is not under competence control and no
ortholog of endA exists in B. subtilis. These
observations suggest an important difference
in the coupling of DNA uptake and degradation
in the two bacteria. Another membrane-
associated protein, ComFA, possesses the
conserved motifs typical of Super family 2
helicase/translocases and is also needed for
DNA uptake but not for DNA binding. Muta-
tion of the ComFA Walker A motif completely
inactivates the protein for uptake (Londono-
Vallejo and Dubnau 1994) and ComFA may
therefore contribute energetically to DNA up-
take by translocation or may mediate strand
separation before degradation of the nontrans-
forming strand. These are attractive ideas, be-
cause a membrane-anchored translocase could

drive DNA into the cell and particularly because
Super family 2 proteins can track along a single
strand and do so mostly with 3’ to 5’ polarity
(Singleton et al. 2007). A null mutant of a third
membrane protein, ComEA, does not internal-
ize DNA and was reported to reduce binding to
the cell surface, measured by incubation with
radiolabeled DNA followed by centrifugal wash-
ing (Inamine and Dubnau 1995). ComEA pos-
sesses two helix-loop-helix motifs near its
carboxyl terminus, and is inserted in the mem-
brane with these motifs located externally. Such
motifs are known to bind DNA nonspecifically,
and indeed the corresponding part of ComEA
binds dsDNA (Provvedi and Dubnau 1999).
An in-frame deletion of a central portion of
ComEA, has a minor effect on DNA binding,
but eliminates uptake. Apparently, although
the dsDNA binding activity of ComEA is essen-
tial, ComEA is also needed for transport.

Animportant group of proteins essential for
transformation is related to Type 4 pilus (Craig
et al. 2004) and Type 2 secretion (T2S) proteins
(Johnson et al. 2006) of Gram-negative bacteria
(Albano et al. 1989; Hobbs and Mattick 1993).
Type 4 pili (T4P) are filamentous helical assem-
blies of pilin proteins that emerge through a
secretin pore in the outer membrane. The
assembly and disassembly of the T4P drives
twitching motility (Merz et al. 2000; Skerker
and Berg 2001; Burrows 2005). By analogy, it
has been proposed that cycles of assembly and
disassembly of a “pseudopilus” provide the me-
chanical force for T2S through a secretin pore
and for the uptake of DNA during transforma-
tion (Mattick 2002). A T2S pseudopilus has
been characterized (Skerker and Berg 2001;
Kohler et al. 2004), but no direct evidence for
its cyclical assembly and disassembly has been
presented.

Typically, the T4P, T2S and competence sys-
tems encode several pilin or pseudopilin pro-
teins, which contain conserved, hydrophobic,
a-helical domains that traverse the membrane
(Sauvonnet et al. 2000; Mattick 2002; Burrows
2005; Chen et al. 2005; Proft and Baker
2009). These systems also require dedicated,
membrane-localized proteases, a conserved
polytopic integral membrane protein, and at
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least one hexameric, P-loop “traffic ATPase”
that is peripherally associated with the inner
face of the cell membrane. This class of ATPases
is commonly associated with processes that
involve the transport of macromolecules and
is a subclass of AAA+ proteins. Traffic ATPases
are required for formation of the pili and pseu-
dopili. After removal of several amino-terminal
amino acid residues from the pilin proteins by
the dedicated protease, the mature pilins are
translocated from the membrane to the peri-
plasm/wall and the T4P or Type 2 pseudopili
are assembled so that the hydrophobic a-helices
of the (pseudo)pilins are buried in the interfa-
ces between the subunits of these structures
(Forest and Tainer 1997; Craig et al. 2004).
This general picture applies in the case of
B. subtilis and almost certainly the other trans-
formation systems. The B. subtilis orthologs of
T4P and T2S genes are encoded by comC (the
protease) and by the comG operon (reviewed
in Chen and Dubnau 2004). This operon con-
tains seven genes, encoding the secretion
ATPase (ComGA), the conserved polytopic
membrane protein (ComGB) and four typical
pseudopilins. Thus all the core components of
these systems are present and a competence
pseudopilus, composed of the major pseudopi-
lin, ComGC, has been described (Chen et al.
2006). Immediately after synthesis, ComGC is
located as an integral membrane protein with
its carboxyl terminus extending outward from
the membrane (Chung et al. 1998). The
competence-specific thiol oxido-reductase pro-
teins, BdbD and BdbC then oxidize the two
cysteine residues of ComGC to form an intra-
molecular disulfide bond, and cleavage by
ComC takes place (Fig. 3A). The processed
ComGC is then translocated to a location out-
side the membrane, and the competence pseu-
dopilus is assembled (Chen et al. 2006). In
addition to comC and bdbDC, each of the
comG ORFs are required for formation of the
pseudopilus. This structure is asymmetric and
highly polydisperse. Remarkably, the ComGC
subunits are held together not only by noncova-
lent interactions, but also by intermolecular
disulfide bonds, which presumably form by
exchange with the pre-existing intramolecular
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S-S bonds. The average length of the compe-
tence pseudopilus is apparently sufficient to
cross the cell wall of B. subtilis. (It is interesting
that in other, unrelated pili of Gram-positive
bacteria, the subunits are covalently linked by
isopeptide bonds (Mandlik et al. 2008)).

FRET measurements and microscopic co-
localization studies on fluorescent fusion pro-
teins have shown that many of the competence
proteins are in contact or in close proximity
(Hahn et al. 2005; Kidane and Graumann
2005; Kramer et al. 2007; Tadesse and Grau-
mann 2007). Even the cytosolic (“soluble”)
proteins are in intimate association with the
membrane components of the transformation
apparatus. Specifically, ComFA, ComEA,
ComGA, SsbB, YjbE DprA, and RecA have
been shown to colocalize at the poles of B. sub-
tilis (Fig. 4). This colocalization is dynamic, at
least for DprA and RecA (Kidane and Grau-
mann 2005; Tadesse and Graumann 2007).
DNA binding takes place preferentially at the
poles, close to foci of competence protein con-
centrations, and less often near laterally located
foci, which are helically distributed. Single mol-
ecule experiments indicate that DNA uptake,
like binding, also occurs preferentially at or
near the cell poles (Hahn et al. 2005). These
studies show that the transformation proteins
function in concert and that a multicomponent
protein machine carries out transformation,
from the initial binding step all the way to
integration.

Given the striking similarities of the pro-
teins involved in transformation, T4P and T2S,
the filamentous structures they form and the
requirement in each system for movement (of
DNA, a cell, and protein respectively), it is at-
tractive to consider that a mechanism like the
one that powers twitching motility also drives
DNA uptake for transformation. In fact, T4P-
like proteins are required for transformation
in every system that has been studied, both
Gram-negative and -positive, with the excep-
tion of Helicobacter pylori (see later). The single
molecule DNA uptake studies show that the
force-velocity characteristics of DNA uptake
are similar to those of T4P retraction; both are
processive and operate with constant velocity
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A

Figure 3. A model for transformation in Gram positive bacteria. ComGC is processed by the protease ComC and
oxidized to form an intramolecular disulfide bond by BAbDC. (A) It is then translocated from the membrane in
a step that requires the traffic ATPase ComGA and assembled into a pseudopilus in which the intramolecular
disulfide bonds are replaced by links between the subunits. ComGB is represented at the base of the
pseudopilus without direct evidence. It is proposed that assembly and disassembly of the pseudopilus brings
transforming DNA to the ComEC channel and that interaction of the DNA with the C-terminal part of
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Figure 4. ComGA-GFP localizes to the poles of
competent B. subtilis. This image shows fluorescence
from DAPI-staining (blue), and a ComGA-GFP
fusion (green), overlayed on a DIC image of ten
cells from a competent culture. Two competent
cells are present, in both of which the ComGA
fluorescence is localized near the cell poles. (Photo
courtesy of J. Hahn.)

against relatively high loads (Maier et al. 2002;
Maier et al. 2004). No direct evidence yet exists
demonstrating a role for pseudopilus assembly
and disassembly in DNA transport, but evi-
dence from analysis of comGA point mutations
has shown that the ATPase ComGA, and prob-
ably the pseudopilus, are needed for transport
(K. Briley and D. Dubnau, unpublished).
ComGA, but not the pseudopilus, is also needed
for DNA binding to the cell. Because ComGA is
located on the inner surface of the membrane,
the ComGA requirement for competence-
specific DNA binding suggests that this protein
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communicates across the membrane with an
unidentified DNA receptor. This receptor is
not ComEFEA, and in fact when a filtration tech-
nique rather than the more disruptive centrifu-
gal washing measures binding of radiolabeled
DNA, inactivation of comEA has very little effect
on total DNA bound. It is likely that DNA bind-
ing takes place first to the unknown receptor and
to ComEA at a later step.

The Transformation Model

The following model for the transformation
process is consistent with the available evidence
(Fig. 3). dsDNA first binds to an unknown
receptor that communicates with ComGA.
The DNA is cleaved by the membrane nuclease
NucA, providing an end for the initiation of
transport through a pore formed at least in
part by ComEC. The pseudopilus then drives
uptake by cycles of assembly and disassembly.
The highly processive nature of uptake requires
either the participation of several pseudopili
acting in concert, or of another DNA binding
protein that prevents the DNA from slipping
backwards through the pore. ComEA is an
attractive candidate for this role. An unknown
nuclease in B. subtilis (EndA in the case of
S. pneumoniae) degrades one strand during
transport, and ComFA may unwind the DNA
before this degradation step and/or may pro-
vide part of the driving force for uptake after
degradation. Following transport, ssDNA is
protected by binding to SsbB and DprA and
also interacts with RecA. Because the core com-
petence proteins are conserved in (nearly) all
transformation systems, the essential features
of this model are likely to be universal. An alter-
native view, compatible with the evidence, is

Figure 3. (Continued ) ComEA is required for uptake, which is assisted by the ATPase ComFA. The transforming
strand (gray) enters the cytosol and the nontransforming strand is degraded with the products exiting the cell.
The nomenclature is that of B. subtilis. In S. pneumoniae, EndA (not shown) carries out degradation of the
non-transforming strand. Also not shown is NucA, which introduces double strand breaks in the bound
DNA. The large gray square represents cell wall material. (B) The pseudopilus has disassembled and the
ComGC subunits have returned to the membrane where they may form a pool available for further cycles of
assembly/disassembly. As the ssDNA enters the cytosol, it interacts with SsbB and DprA. These proteins
protect the DNA and DprA also assists in loading RecA to form a filament, which is proposed to carry out
the homology search leading to recombination with the resident chromosome
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that the pseudopilus functions to bring the
DNA across the cell wall and periplasm, into
contact with the membrane-localized proteins
that then mediate transport to the cytosol. In
this view, transformation would be a two-step
process.

The cellular locations of DprA and RecA
vary during transformation (Kidane and Grau-
mann 2005; Tadesse and Graumann 2007).
DprA, which shows only occasional polar local-
ization before transformation, becomes dra-
matically localized to the poles when DNA is
added. In contrast, RecA departs from the poles
when DNA is added, forming filaments that
then diffuse rapidly. A reasonable hypothesis
is that ssDNA engages SsbB at the ComEC
pores, which serves to protect the DNA and
aid assembly of ssDNA-DprA complexes.
ssDNA thus acts to localize DprA near the cell
poles, although protein—protein contacts prob-
ably also participate. DprA assists in the loading
of RecA on the ssDNA (Mortier-Barriere et al.
2007), forming filaments, which then show
dynamic behavior, conducting a diffusive
search for sites of homology on the chromo-
some. Thus, a picture is emerging of a transfor-
mation machine, with moving parts that
mediate not only the binding and uptake of
DNA, but also the interaction of ssDNA with
the resident chromosome. This coordinated
action of DNA uptake and recombination pro-
teins constitutes strong evidence that transfor-
mation has evolved for the acquisition of
genetic information.

What are the sources of energy for uptake?
Older experiments with inhibitors indicate a
role for the pH component of proton motive
force (PMF) (van Nieuwenhoven et al. 1982;
Bremer et al. 1984). Consistent with this is the
demonstration in single DNA molecule experi-
ments that uncouplers (DNP and CCCP) arrest
uptake well before the ATP pool is depleted
(Maier et al. 2004), suggesting that a proton
symport mechanism may drive transport. How-
ever, it is fully possible that ATP also plays a
direct role consistent with the essentiality of
the Walker A motif of the helicase-like ComFA
protein for uptake (Londono-Vallejo and Dub-
nau 1994).

In the T4P systems, there are two traffic
ATPases, one of which appears to drive assembly
and the other disassembly of the pilus (Herden-
dorf et al. 2002; Burrows 2005; Chiang et al.
2008; Jakovljevic et al. 2008). However, the
competence and T2S systems each possess sin-
gle known ATPases, which more closely resem-
ble the assembly ATPases of T4P. Perhaps PMF
directly disassembles the pseudopili or the
single ATPase can operate in reverse. Recent
laser tweezer analyses of T4P retraction in
N. gonorrhoeae and Myxococcus xanthus have
revealed the presence of two retraction motors;
a high-force, low-velocity motor dependent on
the retraction ATPase, PilT and a high-velocity,
low-force motor that is PilT-independent (at
least in M. xanthus) (Clausen et al. 2009a; Clau-
sen et al. 2009b). The stalling force of the high
velocity motor (70 pN) is suggestive of the
B. subtilis DNA uptake system, in which meas-
urements hinted at a stalling force somewhat
in excess of 40 pN (Maier et al. 2004). These
findings are consistent with a mode of compe-
tence pseudopilus retraction that is not depend-
ent on a traffic ATPase, perhaps driven instead
by PME

Other Dynamic Aspects of
the Transformation Machine

During the development of competence in
B. subtilis, many of the relevant proteins accu-
mulate at the poles of the cells and in foci that
appear to be helically distributed in association
with the cell membrane. More or less con-
comitantly with a loss of transformability, these
proteins leave the poles (Hahn et al. 2005).
Time-lapse microscopy and the use of inhibi-
tors suggest that movement to the poles de-
pends on diffusion, with capture at the poles
by an anchoring site (Hahn et al. 2009). In con-
trast, departure from the poles is energy-driven,
and depends on the action of the proteins McsA
and B. McsA and B are known to act together as
adaptors for the CIpCP and CIpEP proteases
(Kirstein et al. 2007) and inactivation of these
degradative proteins (McsA, McsB, ClpP, or of
ClpC+CIpE) prevents delocalization of com-
petence proteins. It is postulated that the
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degradative complexes degrade an anchor pro-
tein, releasing the competence proteins and in
agreement with this, McsB, ClpC, and ClpP
move to the poles of competent cells (Hahn
et al. 2009). The localization and delocalization
of competence proteins is clearly regulated, but
there is no information as to the signaling path-
ways involved. It is also not known why assem-
bly of the transformation machinery and DNA
uptake occur at the poles. Perhaps localization
favors low affinity assembly interactions, and
the poles simply provide a convenient address.
Alternatively, unique properties of the wall/
membrane at the poles facilitate assembly and
insertion of the competence machine.

Transformation in Helicobacter pylori

The Helicobacter transformation system is a
unique case in which core inner membrane
and cytosolic constituents (notably the channel
protein ComEC and dprA) are conserved (Ando
et al. 1999; Smeets et al. 2000; Yeh et al. 2003)
whereas the T4P-like proteins are replaced by
conjugation proteins, encoded by the comB2-B4
and comB6-B10 operons (Karnholz et al. 2006).
Helicobacter is therefore a hybrid between the
more common transformation systems and
the conjugation machines.

An instructive recent paper (Stingl et al.
2010) shows that the comB operons of Helico-
bacter mediates high velocity, low-force uptake
of double stranded DNA into the periplasm,
whereas comEC is needed for transport of single
stranded DNA into the cytosol, presumably by a
high-force mechanism akin to that used by
B. subtilis. This study has at least two important
implications. First, it is the clearest demonstra-
tion that transformation in Gram-negative bac-
teria is a two-step process, with uptake into the
periplasm temporally uncoupled from trans-
port into the cytosol. Second, it implies that
the T4P-like and the conjugation-like transfor-
mation proteins play analogous roles, conveying
double stranded DNA into the periplasm and
across the cell wall to provide accessibility of
this DNA to the conserved inner membrane
transport apparatus. This view of competence
is similar to that proposed above for the roles
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of the pseudopilus and membrane proteins in
B. subtilis.

COMPARISON OF THE CONJUGATION,
TRANSFORMATION AND FTSK/SPOIIIE
SYSTEMS: UNANSWERED QUESTIONS

The conjugation and transformation systems
use ssDNA as substrate and require the assembly
of elaborate machines composed of several
proteins, including those that span the cell enve-
lope. In both systems cytosolic proteins process
the DNA substrate either before transfer or fol-
lowing import and in both, these proteins inter-
act with and coordinate their activities with the
membrane transporters. Another striking simi-
larity between these systems is the involvement
of pilus-like structures. However, given our
present state of knowledge, the resemblance
between these systems ends here, because there
is little obvious similarity between the conjuga-
tion and transformation proteins, other than
the prominent involvement of P-loop NTPases.
It is likely that this reflects our ignorance and
that analogous roles for individual proteins
will become apparent.

Because of this ignorance, many questions
remain unanswered. Among the most impor-
tant unresolved issues are the following. What
are the immediate sources of energy driving
the movement of DNA across the membrane(s)?
What proteins does the DNA contact, particu-
larly during transformation, and at what stages
during transport? Is assembly and disassembly
of a pilus-like structures involved in transport?
In the Gram-negative transformation and con-
jugation systems, is there a role for pili per se
in the transport process, or do the pilus proteins
assemble into alternative DNA-transport spe-
cific structures? Finally, what is the meaning of
the positioning at the cell poles of not only
transformation, but also of the conjugation
proteins of some bacteria (Judd et al. 2005;
Teng et al. 2008; Berkman et al. 2010). Clearly
structural information on the component pro-
teins will contribute in a major way to our
understanding. In the case of transformation,
the interactions of transport and recombination
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proteins, analogous to those of the DTR pro-
teins and membrane components of the con-
jugation apparatus, continue to be of major
interest.

The FtsK system, whereas functionally quite
distinct from the conjugation and transforma-
tion machinery, does share the central and de-
fining role of the P-loop ATPase activity, and
in fact as mentioned earlier, several conjugation
proteins are members of the HerA /FtsK family.
In contrast to conjugation and transformation,
the FtsK/SpollIE proteins use dsDNA as a sub-
strate, and the barrier across which FtsK/
SpollIE translocates the DNA is variable. Thus,
whereas ostensibly a more simple system than
the multicomponent machineries of conjuga-
tion and transformation, the current state of
knowledge about FtsK and SpollIE raise several
challenging mechanistic questions. For exam-
ple, how are loops of DNA resolved? How do
these proteins clear other DNA binding proteins
away from the transported DNA so rapidly and
effectively? And ultimately, what is the architec-
ture of these complexes in the context of the
cell division machinery and septal membranes?
These questions continue to fuel inquiry from
many angles.
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